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ABSTRACT i
A geotechnical study of a trial embankment on the alluvial 
deposits of the fenlands is presented. The study considers the problems 
associated with the construction of highway embankments over the 
low strength, highly compressible deposits encountered in the Fens.
The trial embankment was designed to furnish data on the behaviour 
of the alluviums underload and to test some of the solutions to 
the engineering problems.
The geological history of the deposits is given and the parameters 
and characteristics of the materials revealed by the site investigation 
are discussed. The aims of the trial, its construction and behaviour, 
particularly of the designed failure of one section are described.
Measurements of pore water pressures, lateral subsurface movements, 
settlement, and movements of the ground surface outside the toes 
of the batter were amongst those taken.
The study considered and discusses in detail the pore water pressure 
data, lateral subsurface movements, settlement and stability of the 
embankment. The main features of the sections dealing with these various 
facets are the problems associated with prediction of pore water pressures 
and the drawbacks in the use of such predictions for the control of the 
construction of earthworks on these alluvial deposits, the considerable 
subsurface lateral movements and settlements measured, and also that total 
stress atability analysis gives a reasonable assessment of the factor", 
of safety.
The solution of some of the engineering problems posed by design 
considerations was achieved by this study. Some of the problems originally 
envisaged were found to be of little consequence, for example the zone of 
influence beyond the loaded area and the movements of the ground surface 
within this zone. Also the movements of the ends or noses of the 
embankment were insignificant compared with the movements predicted 
by the site investigation. The trial examined the use of sand drains 
and found that in engineering terms these were of little benefit.
The trial also revealed some problems that were not originally 
anticipated, such as the magnitude of and time period over which settlement 
occurs and the large subsurface movements encountered which have a significant 
effect on the design of piled foundations.
The study of insitu permeability measurements has led to the 
development of a method of determining the insitu value of Kq using the
constant head permeability test. A method of using strain measurements 
to monitor filling operations has been devised and shown to reveal 
the onset of instability of an embankment. This method gives rapid 
results and enables filling to be stopped or other measures taken 
before failure actually occurs. The prediction of settlements using 
observational methods was shown to be possible with acceptable 
accuracy over a period of up to approximately five years. Two curve 
fitting methods are described and discussed to enable these predictions 
to be made.
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CHAPTER 1
I
INTRODUCTION
1.1. Historical
King’s Lynn is an ancient and thriving port standing on the 
east bank of the River Great Ouse by the part of the river which 
is the final stretch before it enters the Wash. The town also lies 
on the eastern edge of the fenland area which borders the Wash. Not 
only is King’s Lynn a port and municipal borough but it is also a 
rapidly expanding industrial area being one of the towns designated 
as an overspill area for the Greater London Council. It serves as 
the shopping centre for a large rural community and a large number 
of small dormitory villages surround it giving a large daily influx 
of working population.
The town stands astride the intersection of two trunk roads; 
the A 17 coming eastwards from Newark and Sleaford meets here the 
A 47 which also comes eastwards from Peterborough and Wisbech and 
continues on to Norwich and Great Yarmouth. A large volume of 
industrial and commercial traffic is carried by these roads and this 
is supplemented in the summer months by a not inconsiderable volume 
of holiday traffic to and from the Norfolk-holiday resorts. This 
seasonal increase causes extensive traffic delays and in ^61 
Norfolk County Council were requested by the then Minister of Transport 
to prepare a highway scheme to provide a Southern Bypass for King’s Lynn.
1*2. The Bypass
A number of routes for the bypass were considered before the 
final selection was made. During this initial design stage a preliminary 
site investigation was carried out which revealed the very poor nature 
of the subsoil. At this stage it was considered that embankments in 
excess of Jm in height would be unstable,and that therefore a 
considerable length of the bypass would of necessity be on structure 
in view of the requirement for grade separation at the intersections.
After the final selection of route had been made, a very extensive 
site investigation was commissioned to enable the design work to 
proceed. This site investigation which is reported in subsequent chapters 
generally confirmed the preliminary site investigation findings that 
the deposits were of low strength and high compressibility. The main 
site investigation also showed however that it was possible to construct 
the earthworks to the full requisite height using a number of 
constructional techniques, and thereby to obviate the need for extensive 
and very expensive structures. Furthermore it revealed that the various 
deposits along the chosen route were of a very variable nature both 
in type and in characteristics. The major effect of this variability 
was to limit the area over which the measured parameters could be 
applied to very localised sections along the bypass route.
The constructional methods suggested included the use of sand 
drains, surcharging techniques, the use of berms to increase stability, 
staged construction with consolidation periods between stages and the 
combination of some or all of the techniques.
The engineering report which accompanied the site investigation 
report, dealt with the bypass route in comparatively short sections. Not 
only were the soil conditions complex but so also was the physical 
nature of the site and its consequent effects. An indication of the 
latter may be seen in figure 2.1 (which appears at the end of the next 
chapter). The principal features include the pre-1821 course of the 
River Great Ouse and the old Midland and Great Northern railway 
line with the accompanying preconsolidation effects of its embankments.
At the crossing point of the bypass the River Great Ouse flows in 
an artificial channel, the Eau Brink Cut, which was completed in 
1821. The crossing point coincides with that of the old railway
and the bypass follows the old line for a short distance on each side
of the river. The new road also crosses the area of the old South Lynn
Railway Station and future extension of the route westwards will
follow the old railway line almost to the county boundary, a distance 
of some seven miles.
Included in the report was a section on embankment construction, 
in which was stressed the need for great care in the preparation of 
the site and the construction of the embankments. A number of other 
recommendations are made and relevant extracts from these are given 
below:-
"Sand drains
.... It would be advisable to carry out a number of trials 
prior to completing the design of the works in order to determine 
whether the holes can be bored without any support and then filled 
in a separate operation or whether the ground has to be supported 
during backfilling and in order to determine the best filling 
procedure. The choice of method could have a considerable influence 
on the cost of the scheme and could lead to the consideration of 
alternatives...."
"Filling
Filling should be as rapid as possible within the terms of the stage 
requirements, observations on the monitoring devices being maintained 
particularly when approaching target levels or placing surcharge......"
"....The design requires, that stage 1 (certain areas require 
two stage construction with surcharging and consolidation periods) 
should be completed as rapidly as possible and that when consolidation 
is virtually completed, generally within one year, the second stage 
should then be placed, again as quickly as possible to provide as 
long a period as possible for consolidation. The delay between the 
two stages can be eliminated or reduced by continuing to fill, but 
at a rate controlled by the consolidation of the ground....."
"Instrumentation
The ground conditions and the embankment heights are such that 
careful control of the filling operations is considered to be
essential....."
A further section recommending the construction of a trial 
embankment reads:
"TRIAL EMBANKMENT
A trial embankment is considered advisable in order to assess 
the consolidation characteristics of the fen clays and peat on as 
large a scale as possible and to check the efficiency of the sand
drain proposals. This bank should be fully instrumented with piezometers 
and incremental settlement gauges in the various strata as well as total 
settlement gauges and heave and thrust gauges and field permeability 
tests should be made from time to time to investigate the change 
in permeability of the clay with rootlets as the effective stresses 
increase. It should be built as for Stage I construction to a height 
of about 15ft., but with flatter side slopes, and should be of sufficient 
length to be divided into two sections, one with sand drains and one 
without sand drains
In view of the uncertainties expressed in the site investigation 
and the recommendation that a trial embankment should be constructed, 
authority was sought for the allocation of the necessary funds to 
carry out the trial. The trial was carried out with the resources 
available within the County Council, with advice from Dr.C.P. Wroth 
of Cambridge University.
This thesis considers the design and construction of this trial 
and the subsequent analysis of the data obtained. It is the intention 
to deal primarily with those matters which could be applied directly 
to the design and construction of the main works for the bypass.
Certain additional features of the interpretation of the trial data 
will be expanded where this can be of value in the design for other 
earthworks on similar soil conditions.
1.3. LAYOUT OF THIS THESIS.
The thesis is divided into a number of chapters each of which 
deals with specific features of the trial or the interpretation of 
the data obtained. There are four distinct sections: the first consisting 
of two chapters, is mainly descriptive of the site, the nature of the 
trial and its construction. The first of these two chapters gives a 
description of the geological nature of the area and the results of 
man-made works on the deposition in the area. It also summarises 
the site investigation report and the engineering problems associated 
with the route together with some of the recommended solutions. The 
following chapter gives the justification and aims of the trial and 
the selection of the most suitable site. A description of the stratigraphy 
of the selected site is given, including the additional site investigation 
carried out and followed by an account of the method of construction 
of sand drains. The chapter concludes with a description of the 
instrumentation, the methods used in its installation and its 
subsequent behaviour.
The second section, a single chapter in length, deals with the 
laboratory and insitu testing that was performed and the interpretation 
of the data so obtained.
The third section, of four chapters, considers in turn the pore 
pressures measured, the lateral movements beneath the trial, the 
settlement and finally the stability aspects of the embankment.
In each case measured data are. given, discussed and compared with any 
predictions which had been attempted.
The fourth and final section consists of a single chapter which 
assesses the overall results of the trial and summarises the main 
conclusions given in the previous chapters.
CHAPTER 2
THE SITE
This chapter deals with the site and route of the King's Lynn 
Southern Bypass. The geological history of the area is described 
as this affects the deposition in the area of the bypass. This is 
followed by a discussion in which the general ground conditions and 
soil parameters for the various strata are detailed. The soil parameters 
of the superficial deposits are briefly mentioned in order to illustrate 
the engineering difficulties encountered on this site. A description 
of the route and layout of the bypass is given together with the 
various recommendations for the construction of the scheme.
2.1. SITE CONDITIONS
2.1.1 Investigations on proposed route of bypass.
A preliminary site investigation on the route indicated that 
the soil conditions were poor. Consequently, the final investigation 
carried out was more elaborate than is normal for this type of work. 
The report for this second investigation runs to four volumes with 
three supplementary volumes and only the generalisation will be 
given, where necessary developments of any particular facet will be 
given in subsequent chapters. Basically, the report gave a general 
resume of the conditions followed by an engineering appreciation 
of the route taken section by section. The conditions were found 
to vary so much that each of these sections is only of an average 
length of about 150 metres#(Hobbs, 1968).
2.1.2. Geology.
King's Lynn being on the eastern edge of the fenlahd area 
bordering the Wash,the route of the proposed bypass is largely 
on these fens as shown in figure 2.1. To the west at the Hardwick 
end of the scheme, the future extension of the bypass rises through a 
low range of hills; these hills being formed by outcropping Lower 
Greensand formations of Cretaceous period, unconformably overlying 
the Jurassic Kimmeridge Clay..The contact between these two strata is 
concealed by thin drift in the vicinity of Hardwick Intersection 
and, west of this, the Kimmeridge is concealed by the post-glacial 
to recent alluvium and peat deposits of the fens.
Alluvial deposition in the area has a complex history. Natural 
deposition and erosion in the tidal zone of the Wash produces complex 
deposits of estuarine or deltaic type, consisting of variably 
interbedded sands, silts and clays with erosion channels repeatedly 
cut in older deposits being filled with similar re-deposited materials 
In addition to this natural deposition,reclamation works, which have 
been carried out in the King's Lynn area since Roman times, have 
gxeatly modified the natural conditions: considerable areas and 
thicknesses of the soils classified as alluviums in this investigation 
may have been artificial,emplaced as a result of man-made works. This 
feature is illustrated briefly by describing some of the more 
important changes in the regime of the River Ouse.
The finely bedded silts and fine sands are typically estuarine 
and exhibit many deltaic features such as variation in thickness 
and impersistence of individual beds, rapid changes in direction 
(dip) of bedding units and truncation by erosion of whole sets of 
beds. Side cutting in unstable materials during cyclic changes 
in stream courses has commonly resulted in slump structures and 
slip zones. These were also observed in the trial trench, where 
old shear surfaces were noted, coated in some instances with clay 
and in others with fine sand. Similar phenomena have been described 
by Kestner (19&2) and Evans (1965).
The upper part of the alluvium is affected by weathering, 
including the formation of a desiccated crust, but except in limited 
areas this is obscured along the route by various "filling” episodes.
In a second trial trench cut through the railway embankment immediately 
behind the east flood bank of the River Ouse, dug mainly to examine 
the natural ground underlying the railway embankment, a lower layer 
of fill was encountered extending beyond the embankment, probably 
forming part of an old Eau Brink training bank. The main part of the 
railway embankment, the older fill and natural ground immediately 
underlying it, are all essentially the same soil but the base of the 
embankment was marked by carbonised plant remains, indicating that the 
vegetation was burnt off before the bank was placed, while the base 
of the older fill was marked by brick and clay pipe fragments.
A notable near-surface effect observed in natural ground, (sandy 
silts and clays), is the extensive system of vertical roots: in the 
first trench this extended to at least 2.5m below ground level and 
worm burrows to this depth were also observed. Fossil traces of 
comparable origin may be encountered at any depth in the alluvium 
and in one borehole there were vertical fossil burrows formed by 
small mulluscs when conditions were tidal.
2.1.5. Discussion on General Ground Conditions and Test Results.
In this section the test results and soil parameters obtained 
from the site investigation will be briefly summarised. It is the intention 
to give only an indication of the soil properties for the various 
strata, so that an appreciation may be obtained of the problems 
that arise, from the engineering design of the scheme. The test data 
and its subsequent interpretation will be discussed fully in Chapter 4» 
Before discussing the superficial deposits comprising the fenland 
in which the major engineering problems occur, a description of 
the other strata encountered in the borings along the route will he given.
The existing Eau Brink Cut, which carries the river past King’s 
Lynn, as shown in figure 2.1, was first excavated in 1821, since when 
flood banks have been raised and extended and other works carried 
out. The cut eliminated a broad meander upstream and to the west of 
King’s Lynn, the course of which is easily traced on the 1:25,000 
O.S. maps. That part of the old watercourse affecting the bypass route 
is also shown on figure 2.1 and it will be seen that the main 
embankment and structures west of the Ouse are on the old south 
bank of a meander in an area where cyclic erosion and deposition 
probably produced complex ground conditions. Aerial photographs 
of the area give some indication of the old watercourse but no 
detail of special value to the investigation.
Some five hundred years earlier (early 15th century), the Great 
Ouse discharged into the River Nene above Wisbech, and the likely 
course is suggested on O.S. maps by field and drainage patterns 
and by place names. At that time only the Little Ouse and Nar 
discharged past King’s Lynn. A channel was then cut to prevent 
flooding at Littleport by diverting the Great Ouse into the Little 
Ouse above King's Lynn. The effects of this in the King's Lynn 
area are not apparently documented but the balance between deposition 
and erosion in the estuary must have altered considerably.
The soils comprising the recent geology of the fens fall into 
three main groups:
a) Finely bedded clayey silts and fine sands.
b) Fen peat.
c) Silty and organic clays, generally soft.
The clays and peats may be broadly classified as fen deposits 
and the silts and sands as estuarine deposits of the River Ouse.
The estuarine deposits generally overlie the fen deposits and, 
deposition having fluctuated with periods of erosion, the interface 
is often sharply transgressive. This was not apparent from individual 
boreholes but was shown clearly in a trial trench, excavated 
adjacent to. and to the west of Puny Drain.
2.1.5*1. Pre-Quaternary Strata.
The Kimmeridge Clay was encountered in the majority of boreholes 
underlying alluvial and glacial deposits which varied in thickness 
from 1,5 to 15m, It is generally a stiff to hard grey laminated
and fissured silty clay containing shells, shell fragments and fine 
gypsum crystals. Beds of bituminous clay occur, usually recognised 
by their dark brown colour and waxy appearance and there is also a 
bed (or beds) of hard claystone or mudstone up to 1m thick in the 
area just east of Puny Drain. The upper part of the Kimmeridge 
as encountered in boreholes, is often weathered to about'5m below 
the top surface, weathering being usually recognisable by a mottled 
brown colouration* The main effect of weathering is a reduction in 
strength but most of the weathered clay is described as firm to 
stiff. Highly weathered clays showing signs of reworking were also 
found. The total thickness of the Kimmeridge was not proved in the 
investigation, the maximum penetration was 12m. The probable thickness 
is understood however to be about 41m in this area.
Plots of standard penetration test N-values and shear strength 
against depth indicate a clear increase of strength with depth in 
spite of scatter in the plotted points due to the fissured nature 
of the clay, the effects of weathering and bands of harder shaley 
clay occurring over beds of stiff to very stiff fissured clay#
It is considered that the standard penetration tests may give 
a more realistic indication of the insitu strength of the clay 
than the laboratory tests as fissured clays such as the Kimmeridge, 
are known to suffer disturbance with open drive sampling.
The effect of the fissuring on the results of the triaxial 
shear strength was indicated by a considerable degree of scatter 
in the plot of shear strength against water content. It is also 
interesting to note that the tests on 4 in. diameter specimens 
generally showed a smaller degree of scatter than those on 1# in. 
diameter samples apart from three exceptional results. The Kimmeridge 
has liquid limits ranging from 65 to 85^with two or. three exceptionally 
low values.
The Lower Greensand formation, encountered to the east of 
Hardwick Intersection, is the Sandringham Sands. In the first two 
boreholes in which it was encountered, this stratum was proved to 
overlie Kimmeridge Clay, whilst the remaining boreholes did not 
penetrate to the Kimmeridge, the upper surface of which has a shallow
easterly dip. The maximum penetration into the Sandringham Sands 
was 11m and the overlying drift is thin, only up to 2.3m being 
encountered. As revealed by the boreholes, the stratum consisted 
mainly of medium dense grey-green, weathering to brown, slightly 
clayey and silty fine sand, with occasional coarser, even gravelly, 
beds and some horizons of laminated clay. The water table appears 
to be generally high.
2.1.3*2. Superficial Deposits.
The boreholes proved superficial, or drift, deposits consisting 
of glacial material, post-glacial to recent alluvium and peat 
overlying the pre-Quaternary strata.
Glacial Deposits occur over a limited area around Hardwick 
Intersection at or near the surface overlying Kimmeridge Clay; 
elsewhere they underlie alluvium. The soils considered to be of 
glacial drift origin are variable in type, ranging from laminated 
clay and silt, through silty sand, to coarser grained granular 
materials and boulder clay. This degree of variation is common 
in East Anglian glacial deposits, which have their origin in no 
less than four separate glaciations, with intervening periods of 
interglacial deposition. It would therefore not be practicable to 
attempt detailed correlations between the boreholes.
The concealed glacial deposits are not continuous, presumably 
due to erosion during the deposition of the overlying alluvium.
In the concealed deposits chalky boulder clay is represented by a 
firm to stiff or stiff very silty (chalky) clay with pockets of 
sand and gravel, or by clayey sand with gravel. The main occurrences 
are in the area of Pullover Intersection, West of the River Nar 
and East of Puny Drain, the maximum thickness being 2.5m. The boulder 
clay is of medium compressibility.
The boulder clay is often associated with loose to medium 
dense sand and gravel with some clay. This clay is thought to be of 
glacial origin, though it may in places be a basal alluvial deposit; 
sands and gravel do occur at higher levels in the alluvium. The 
main occurrences of these granular soils are in the Pullover 
Intersection area, the maximum thickness being 3™*
Post-Glacial Sediments.
These form the fenlands which cover the whole length of the 
route west of the Hardwick area. The boreholes show that the 
alluvium varies from about a metre deep to a maximum of about 13m 
in the vicinity of the River Ouse. Prom Pullover Intersection to 
the Ouse, the alluvium thickens and then decreases to about 6.5m 
thick at Saddlebow Road. This thickness is maintained to the Puny 
Drain, after which it falls steadily to lense-out at Hardwick.
As some boreholes are on old railway embankments and other made 
ground built up with alluvial soils, the natural ground surface 
is not always identified with certainty.
These sediments, broadly speaking, consist of estuarine 
deposits of silty, fine sands and clayey silts and the fen peat 
and fen deposits which comprise silty and organic clays. The fen 
clays are found above and below the peat. Layers of sands and gravels 
occur within the fen clays in the vicinity of the Ouse and are 
probably associated with the bed of the river. The estuarine deposits 
tend to be predominant in those areas where the peat has been removed 
by erosion. Difficulty was often found in distinguishing between 
clayey silts and very silty clays on the basis of grading and 
plasticity, visual determination being particularly difficult.
Below a stronger crust the sediments appear to be normally 
consolidated to about 3 to 4*5m below datum, although the vane 
strengths suggest a degree of over-consolidation.
Silty Fine Sands.
These occur mainly to the west of the Ouse and appear to be 
associated with the old channel which may have been deltaic in 
character. They form a surface deposit about 6.5 to 8m thick 
overlying a bed of clay, which was clearly shown up by a series 
of soundings made in this area. These sands are loose at the surface, 
becoming denser with depth. They become finer in character towards 
the south, grading into silts and very silty clays at the south side 
of the proposed main embankment. Elsewhere, these sands occur 
intermittently in thin layers, and at the Nar, some 1100rn to the 
east of the Ouse, a 2m layer was found under a thick cover of silt.
Clayey Silts.
These occur chiefly to the west of the Ouse and to the south 
of the main embankment, the maximum development being about 6.5m; 
they appear to thin southwards as the cover of Fen clays thickens.
Clayey silts like the silty sands occur -elsewhere where the peat
is absent, notably at Saddlebow Intersection, in the area between
the Nar and Puny Drain and again immediately to the west of Hardwick
Road separating the fen deposits from the greensand.
These clayey silts sometimes contain thin layers of fine sand
and also show strongly inclined laminations with fine sand partings*
They are soft to firm in consistency, and medium to high
compressibility, the compressibility increasing with depth.
Coefficients of consolidation, c , from the Jin. oedometer fall within
2 v
the range of 1.86 to 14*9 m /year and also show a tendency to increase
with depth. Field permeability tests indicated considerably higher
cv *s particularly above the peat, although a very clayey silt at
about - 4«5m in one borehole at Pullover Intersection was found
2
to have a of only 4*65 m /year.
The angle of effective shearing resistance of the silt is about 33°.
Fen Clays.
These occur as silty clays and what are known as buttery clays,
the latter being a highly plastic clay. The buttery clay is generally
organic in that it contains peat inclusions or peaty matter or
more frequently numerous decomposed rootlets, the root structure
is mainly vertical and often closely, spaced. The root channels,
which contain black decomposed organic matter, appear to be free-
draining and are about 1 to 3 mm diameter with occasional main
channels 6 to 10 mm diameter. Close examination of the 10 inch
samples appeared to suggest comparatively little opportunity for
lateral drainage, and the oedometer tests indicate that the channels
would rapidly collapse under load.
The fen clays, apart from the peat and rootlets, occur mainly
as uniform clays but occasionally contain partings and thin layers
of fine sand and silt. Field and laboratory vane tests indicate
the consistency of these clays to range from very soft to firm
with an average sensitivity of 3*5* They exhibit a wide range of
water contents and Atterberg limits, due to the effect of the peat
and organic matter. It was not possible to obtain a satisfactory
field consolidation curve on the basis of water content and effective
pressure, although a reasonable correlation was obtained between
moisture content and the compression index, C , for thec
superficial deposits, figure 2.2. Figure 2.3 shows the variation 
of the coefficient of compressibility, m , with depth and soil type,
from which it can be seen that the clay with rootlets can be classified
as very highly compressible and the organic, peaty clays and silty clays
as highly compressible. The large scatter in the results should be noted
A companion plot, figure 2.4,of the coefficient of consolidation,
cv, for the fen clays and the other materials based on the results
obtained from standard 3in« oedometer tests for an increase in
2pressure of about 110 kN/m in excess of the overburden pressure 
showed that the fen clays have the slowest rate of consolidation 
and, as they are also the softest materials, their dominance of the 
engineering problems can be easily understood.
1 10in. diameter oedometer tests carried out were mainly directed
towards checking the c^’s obtained in the clay with rootlets and
the results indicated that the average c of this clay is about
2 2 V1.4 m /year vertically and about 0*9 m /year radially for increments
2 2 between 55 and. 110 kN/m ; under loadings in excess of 110 kN/m
the corresponding cv values being about 0.9 and 0.47 m /year. These
values for vertical drainage are roughly twice those obtained from
the small oedometers, indicating that the scale of the test may
have some influence on the drainage characteristics. In this
connection, it is interesting to note that the c^'s obtained from
field permeability tests were higher than the oedometer results,
varying from 1.86 to 5*6 m /year for tests made below datum and
17*6 to 46*5 f°r tests made above datum level. In assessing these
results, it should be remembered that the field permeabilities
are obtained under overburden pressure only, whereas the quoted
values of the coefficients of consolidation from the laboratory
tests allow for the effective embankment pressure.
A further factor which should be considered in applying the 
field permeability tests to the clay with rootlets is the opportunity 
given to vertical drainage in an essentially radial drainage test 
by the vertical root channels. This could not happen in the works 
except at the edges of the banks. The cv recorded from the field 
tests in this particular clay is therefore considered to be chiefly 
vertical in character. Nevertheless, the possibility exists that 
the radial drainage may be somewhat higher than indicated by the 
10 inch oedometer test-.
The secondary consolidation coefficients determined in the 
3 inch oedometer were found to range from 0.002 to 0.01 * 
for very peaty clays.
* c has been taken as the compression per secondary log cycle per sec
unit of original thickness under the overburden pressure.
A number of consolidated quick tests and consolidated undrained
tests with pore water pressure measurement were carried out in the
fen clays in the triaxial apparatus. The former tests showed that
the c/p' value for fen clays is close to 0.25, that is to say the
quick shear strength is 25% of the effective overburden pressure.
The angle of effective shearing resistance 0 ranged between 24°
*
and 53° with c being generally zero, although in a few tests
2values ranging from 7*5 to 14*5 kN/m were obtained. In two tests, 
exceptionally high values of 0 , 40° and 43°, were measured.
Peat.
This occurs at approximately Newlyn Datum in thickness of up 
to about 1.3m. Typically, the peat is fully decomposed, amorphorous 
or granular-in nature with liquid limits ranging from 260 to 435%*
Its compressibility varies from 0.2 to 0.3 m /N and appears to be 
related to the liquidity index.
An important property of the peat is the coefficient of consolidation 
Attempts to measure this parameter in the 3 inch oedometer were not 
wholly successful as the termination of the primary consolidation 
could not always be clearly determined. Two triaxial dissipation 
tests were therefore carried out from which the cv 's were determined 
by volume of water expelled and by the pore pressure dissipation; 
cv 's were also deduced from field permeability tests. Each type
2of test produced a significantly different result ranging, at 110 kN/m ,
2 2
from 0.8 m /year in the oedometer through 9m /year by volume change 
to 130 m /year by pore pressure dissipation, all from the same sample hub 
of peat. The field permeability tests gave adjusted results^of 4*2,
9.25, and 22.5 m /year. These results taken at their face value suggest 
that pore pressure dissipation could take place at least 15 times 
faster than the primary settlement. In the initial settlement 
analyses, an overall mean value of 12m /year was used for the peat.
The coefficients of secondary consolidation in the peat are 
considerably higher than in fen clays, values ranging from 0.015 to 
0.04 were obtained.
As the field vane strengths were felt to be unrealistically 
high, the consistency of the peat was determined in the laboratory 
by a number of quick undrained triaxial tests. These showed the peat 
to be very soft to soft with shear strengths ranging from about 14 to 
28 kN/m2. The range in bulk density was small, 977 to 1057 kg/m^. 
Consolidation quick tests indicated a c/p* value of about 0.35> which 
was confirmed by the very high values of 0* obtained in two effective 
stress tests, namely 42° and 43°. A drained shear box test gave values .
of 30° and 3*3 kN/m^ for f\ and c*.
While the peat occurs generally between the Ouse and Hardwick 
Intersection, its absence from several boreholes suggests that the 
proposed alignment between the old marshalling yard and Harbour 
Junction is either passing along the edge of one or a number of old 
erosion features in which the peat has been removed to the south of 
the route or is intersected by them. With the borehole layout adopted 
for the investigation, it was not possible to give any indication 
of the lateral extent of the erosion, that is to say whether the 
embankment will be either wholly or partly on peat. It seems clear, 
however, that in the vicinity of the River Nar, the embankment will 
cross over the edge of the peat three times within a distance of about 
130 to 160m. To the west of the Ouse, the peat continues as far as the 
existing A*47 but is absent in all holes westwards and to the north 
of this point, as would be expected as this is the area of the old 
channel of the Ouse. To the south the peat is found in all boreholes 
up to the new roundabout, with the exception of one - thus, in this 
area, the spur road will run obliquely across the edge of the peat 
two or three times.
A further description of the peat and its properties is given 
by Skempton and Petley (1970)*
2.1.4 Groundwater Observations.
The natural ground water level throughout the area is generally 
high. Water table measurements were taken in observation wells as 
levels were only occasionally recorded in boreholes owing to the 
need for fully casing into Kimmeridge Clay and to the rapid rate 
of boring. A number of levels were also taken in the course of the 
field permeability tests.
2.1.3. Chemical Tests.
Sulphate and pH tests were carried out on 23 samples of groundwater. 
The ground water was found to be faintly alkaline, pH 7*0 to 7*5> 
with generally a class 2 concentration of sulphate, that is to say 
300 to 1200 p.p.m. Of the 23 samples, only three were- in class 3> 
that is to say over 1200 p.p.m.
No tests were made on the Kimmeridge Clay as this could be seen 
to be heavily if erratically charged with fine gypsum crystals.
2.2. ROUTE OF BYPASS
The route of the bypass is shown in figure 2.1. From the existing 
A.47 and A.17 to the west of the River Great Ouse, low level spur 
roads feed into a roundabout also at low level, which forms the first 
stage of a grade separated junction known as Pullover Intersection.
The lowest level of this section is A.O.D. and some low lying land 
in the immediate vicinity would require filling to this level. From this 
roundabout slip roads connect to the higher level bypass. As part 
of the contract, it is intended to construct only the earthworks for 
the bypass from a point just west of its junction with the slip roads, 
ultimately it is proposed that the A17 will be re-routed along the 
old M and G*N. railway line. Eastwards from this roundabout the level 
of the bypass drops and then rises with a balanced vertical curve 
over the new river bridge. The road crosses the existing A.47 
approximately J>m above its present level. The construction of the link 
roads presents little difficulty, with the use of varying depths 
of surcharge, settlements up to 150mm being anticipated. For the section 
of the bypass between the river and Pullover Intersection, the site 
investigation recommended a variety of construction methods after 
removal of the existing railway embankment. To the west of the new 
roundabout the use of single stage construction with 1:3 and 1:4 
batters on. the north and south sides of the embankment respectively 
waa suggested. The batters would require construction with berms 
following the slip roads, toe relief wells being recommended should the 
rate of fill be rapid, and adjacent marsh land filled to give a general 
level of + 3m A.O.D. This mode of construction would change east of 
the roundabout to batters with side slopes equivalent to 1:3&» 
constructed as berms 3* 5m high with batters of 1:1^, again low 
lying levels being brought up to 3m A.O.D., and more sand drains 
were recommended on a widely spaced triangular pattern.
As the river is approached, berms of 18m width and 4*25m high with 
1:1£ slopes become necessary to ensure stability of the correspondingly 
greater depths of fill required. It was recommended that beneath 
the bank seats for the main bridge, the soft material be removed, to 
as great a depth as possible, in order to reduce settlements and possible 
movements of the bank seat due to consolidation effects, thib pheneomenon 
has been described by Davis and Taylor (1962). Throughout this 
length a surcharge of 25% was recommended and differential settlements
were also predicted, particularly where the old railway embankment 
was highest. The estimated settlements ranging from 0.1m to 1m, 
whilst differential settlments were predicted to be as much as 0.5 m 
In 1943 a slip occurred in the banks of the Eau Brink Cut some 
180m upstream of the proposed bridge, which.has been fully described 
by Skempton (1945). Comparison of the bank profiles, before and 
after failure, with those of the old railway bridge in 1950 and 
the present profile in 1968, led to the conclusion that as the latter 
three profiles are very closely coincident, the proposed arrangement 
of the bank seat 36.5m behind the crest of the bank would be safe. 
Further stability analysis confirmed this supposition but it was 
considered that any piling on either side of the river in the 
vicinity of the banks should be prebored through the soft and 
potentially unstable materials in order that the'driving of piles 
would not generate a slip surface. An instrumented piling trial 
has been carried out to satisfy the Great Ouse River Authority 
on the safety of this approach, this particular trial is not 
reported in this thesis.
To the east of the river crossing, variable ground conditions 
pertain, complicated further by the north carriageway being located 
directly over the existing railway bank and requiring only a small 
depth of additional fill. The southern carriageway by contrast is 
above unconsolidated ground and would require about 6m of fill.
The problem of differential settlement at this point is therefore 
considerable, the settlements being estimated as 1.5m and 0.4m 
on the south and north sides respectively. The recommendations are 
for side slopes of 1:2j to the north side after removal of the 
railway embankment and for the south side to be constructed with 
and 18m wide berm 4m high with 1:1^ batters, with sand drains at 
close centres and 25% surcharge. Careful monitoring was also advised.
The route of the bypass continues eastwards on a falling grade 
to a level of 3m A.O.D. at its intersection with the present 
Saddlebow Road. Ground conditions remain the same but the width 
of the railway embankment increases as its level decreases and 
problems of differential settlement reduce. The construction of the 
north side should remain as before with the berm to the south tapering 
out, all the earthworks being carried out in one stage, again with 
25% surcharge and careful monitoring. The slip roads should also 
be built in a similar fashion to a total height including surcharge 
of 4.25m and sand drains are recommended, although at greater centres 
than those closer to the river. From a study of the site investigation
report and the proposed route, it is obvious that where it passes 
close to a large cold store, see figure 2.1, problems will arise, 
particularly as the cold store is piled.
Saddlebow Intersection presents the next area of major problems 
in that the side road (Saddlebow Road) is being taken over the bypass, 
giving a considerable height of embankment in close proximity to a 
housing estate to the north and a railway line to the south. Ground 
conditions are again similar with the Kimmeridge clay being approximately 
6,5m below ground level in this area. Embankments greater than 
4m in height including a surcharge allowance of 25%, are calculated 
to require two stage construction with berms. The report recommends 
a berm width of 8m for the maximum height of fill of 10m, including 
settlement and surcharge allowances, reducing to 5»5m, Jm and nil 
for heights of 8.5m, 7*5* and. 6,75m respectively. Side slopes of 
1:li for berms and 1:2 for areas without berms were suggested. The 
suggestion in the latter case was qualified to allow for a minimum 
spread corresponding to 1:1-2 batters for the full height of the fill 
with surcharge when this spread exceeded the spread of 1:2 batters 
on the normal height. Sand drains at very close centres, 1.5m, were again 
recommended to produce 90% consolidation in 500 days. Settlements in this 
area were estimated in the report as between 0.8m and 1.4m around 
the island. A number of proposals for the bridge foundations were 
considered, the more favourable being excavation of the low strength 
materials below the foundations, and backfilling with granular fill.
From Saddlebow Intersection the bypass is on a gradual rising 
grade up to Harbour Junction and the ground conditions remain basically 
the same, with the Kimmeridge being initially about 6.5m below ground 
surface. As the River Nar is approached however the fen deposits 
give way to estuarine conditions and between the Nar and Harbour 
Junction a combination of the two deposits exists. Slip road 
construction to the east of the interchange was recommended as for 
the west, i.e. two stage with berms when the total height including 
surcharge exceeds 4m, and single stage up to a height of 4m. Sand 
drains were recommended again but at a greater spacing.
The Nar crossing was stated to require a piled bank seat to the west, 
where full estuarine deposits exist, and to the east the excavation 
of the low strength materials and their replacement with granular
fill was deemed necessary. Such replacement was also recommended 
for the Harbour Junction abutments. The intermediate supports 
in both cases, were required to be piled and it was suggested 
that the section of embankment between the two structures should be. 
built in two stages with berms and sand drains.
The final section of the bypass i.e. from Harbour Junction 
to the A.10 trunk road does not present the same problems. The road 
commences to fall from the Harbour Junction crossing and rises 
to ultimately fly over the A.10, A.47 junctions at Hardwick 
Intersection. The levels of the Kimmeridge clay beneath this section 
rise from a depth about 6m at Harbour Junction to about 3m at 
Hardwick and the levels of the peat also rise and it disappears from 
the borehole logs at a point roughly midway along this stretch.
The fen deposits are present for about half the length of this 
section initially mixed with and finally giving way to estuarine 
deposits. Glacial materials were also found to intermittently 
overlie the Kimmeridge from about the mid-point of this section 
onwards• The method of construction in this area was simplified 
by removal of the peat layer, as this occurs at such depth for removal 
to be economic. The only major difficulty to be expected was predicted 
at the east abutment of the Harbour Junction bridge, where a deep 
drain, Puny Drain, creates stability problems. The recommendation 
here was for the diversion of the drain and extensive excavation 
of the low strength materials, to the level of the Kimmeridge Clay, 
the embankments then being built as single stage with some surcharge.
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THE TRIAL EMBANKMENT
In this chapter all facets of the trial are dealt with from its 
justification through the design and construction up to the deliberate 
failure of part of the embankment. Firstly the justification is given, and 
the aims of the trial are enumerated and discussed. The selection of the 
most suitable site is considered as is the effect of the final site on the 
design of the trial. The methods of construction and type of sand drain are 
discussed and their actual construction described. The instrumentation is 
dealt with from three aspects: design, installation and operation. An account 
of the construction of the embankment is followed by a description of the 
designed failure and the position of the slip surfaces are deduced from various 
instruments and site observations.
j, I d upTif'iuatium OF THE TRIAL
I • . 1
On studying the site investigation report and considering the various 
proposed methods of construction, it became apparent that some of the methods, 
although perfectly feasible, had little supporting data to enable their full 
potential to be assessed* Examples of these methods of construction were sand 
drains and two stage construction with a consolidation period between stages to 
enable utilisation of increases in. shear strength that accrue due to dissipation 
of excess pore water pressures* Each of these has a significant effect on the 
main constructional works for the bypass, either .from a direct financial aspect 
or an indirect financial implication in that the time for construction is 
affected. In addition the effects of full scale loadings were a little uncertain 
as very little published data could be found relating to construction works on the 
types of soil encountered at King's Lynn.
In order to obtain the necessary additional data required to enable the 
design of the bypass to be carried out, authority was sought from the 
Department of the Environment or rather the Ministry of Transport as it was at 
that time, for funds to construct a full scale trial. This authority was readily 
forthcoming in view of the financial aspects of the design and a specification 
for the experiment was drawn up.
_?. c ji-li’jo ur rna xtti-aij
The trial was designed to furnish as much information as possible to 
test the various techniques proposed for the construction of the bypass. Thus 
data were, required on the following
(a) Type of sand drain most suited to the site conditions.
(b) Spacing of sand drains.
(c) Diameter of sand drains.
(d) Effectiveness of sand drains.
(e) Maximum rate of loading.
(f) Maximum safe height for stage 1 earthworks, (where earthworks are 
constructed in two stages with a consolidation period between stages).
(g) Rate of increase in shear strength.
(h) Amount of increase in shear strength.
(i) Rate of consolidation of the various strata.
(j) Rate of change of permeability of the various strata.
(k) Settlement.
(l) Lateral movement of nose of bank.
(m) Zone of influence of loaded area.
(n) Amount and type of instrumentation required for monitoring the final
works.
Sand Drains
The construction of these is fully discussed in Section 3.6. However
it was decided to take advantage of the trial and attempt to form sand drains
at other points along the route to ensure that the method of constructing the 
drains ultimately used under the embankment could also be used elsewhere, should 
drains be found necessary.
After some deliberation over the various methods of installation avail- 
able, it was decided to proceed with the following alternatives
(a) Use of a continuous flight auger.
(b) Use of water to support the hole during formation of the drain.
(c) Use of a hollow stem flight auger, installing 1he filter media through
the stem, whilst supporting the walls with the auger.
(d) Should these methods fail the final method proposed was to use casing
to support the walls.
In order to test the spacing and diameter of the drains, the drained 
area was divided into four sections. Two different diameters, originally 300mm 
and h^Omm were proposed, but this was amended to 300mm and 1 50mm on the advice 
of the Ministry of Transport, each spaced at two different centres, 2.5m and 
3.7£m.
The effectiveness of the drains was measured by comparison between 
the four sets of results and against data from an undrained area acting as a 
control section.
Loading and Safe Height
The rate of loading was anticipated to be the more difficult factor to 
ascertain. Due to the nature of the experiment it was decided that better 
control could be achieved by the use of the County's direct labour organisation 
for the construction of the trial embankment. In view of the amount of 
instrumentation and the confined nature of the site, it was considered that 
strict control of the vehicles supplying the fill was necessary and also that 
constructional plant should be kept to a bare minimum, even though this could 
have an effect on the rate of fill that could be achieved.
The calculated safe constructional height was h.5m using fill of density 
of 2000 kg/m with a factor of safety of 1.25. It was intended to build the 
trial embankment to this height or its equivalent, should the fill density be 
different. Filling was continued to part of the undrained area until a failure 
occurred to enable a check of the stability analysis to be made.
Shear Strengths
The rates and amounts of increase in shear strength were obtained by means 
of insitu vane shear strength measurements taken before commencement of filling 
and also at intervals after completion of fill. To avoid the necessity of 
boring through the fill material, 300mm drain pipes were used to form sleeved 
holes through which to carry out these tests. A series of tests was taken soon 
after completion of filling to find the best method of testing. These were 
followed by further tests at 75# 150 and 300 days after completion of filling; 
these time intervals were selected as they were 25$, 50$ and 100$ of the 
recommended consolidation period.
Consolidation. Permeability and Settlement
These parameters were measured and the appropriate calculations made to 
determine their rates of change at frequent intervals during the trial period. 
Lateral Movement of Nose of Bank
One of the points made in the site investigation report was the possib­
ility of considerable movements of the nose of an embankment formed on the types 
of deposit present over the area of the bypass. It was importait to obtain some 
measurement of this phenomenon and its time scale, as this latter could determine 
the programming of the various structures on the scheme.
Zone of , Influence of Loaded Area
As certain lengths of the scheme are confined by various buildings, 
houses and the railway, it was necessary to obtain some indication of the zone 
of influence of the embankment.
Monitoring the Final Works
It cannot be assumed that the trial will furnish all the information 
necessary for the overall design of the bypass, due to the variable nature of 
the ground conditions and also the scale factor between the size of the trial 
embankment- and the final works embankments. Some form of monitoring of the 
final works therefore becomes desirable. An assessment of the behaviour and 
reliability of the various types of instrument will enable the most suitable 
instruments to be selected. By examination of the data obtained during the 
trial, the arrangement of instruments can be determined.
jj.i CHOICE OF SITE AND CONFIGURATION OF TRIAL EMBANKMENT
The site of the trial was determined by site conditions and the proposed 
constructional methods. Consideration of the site investigation report showed 
that the following sites were possibilities
(a) West of the River Ouse.
(b) East of the River Ouse.
V
(c) Saddlebow Intersection Area.
(d) Harbour Junction Area.
These areas can be identified in figure 2.1.
In order to keep the costs of the trial to a minimum, it was desirable to
incorporate the embankment within the main works. This point is obviously a 
major factor in the selection of a site.
West of the River Ouse
The site conditions, as described earlier, are complicated by the old 
channel of the river. The major part of the embankment for the bypass can be 
built at a slower rate than the remainder of the scheme as it will not be 
required for traffic until the western extsision along the railway line is 
completed. The land on this side of the river is agricultural and' thus additional 
land could be acquired, should it become necessary to construct berms to stab­
ilise a possible failure. The only building that could be endangered is a 
bungalow nearer the river. As the height of the existing railway embankment 
increases, a problem of differential settlement occurs, due to preconsolidation 
of the compressible strata beneath the railway embankment. This area was thus 
considered unsuitable for the proposed trial.
East of the River Ouse
The route here runs adjacent to a large cold store with piled foundations. 
The existing railway embankment also runs alongside this building and thus 
preconsolidation of the ground has again occurred. The height of the road embank­
ment alongside the cold store varies from about I; .5m to 3.5m and is wider than 
the railway embankment again giving rise to a problem of differential settlement 
along the southern half of the embankment. However, it would be possible to 
provide berms to the south side, albeit on marsh land, should these be necessary 
for stabilisation of a possible failure. Thus it was felt that, this too, was 
an unsatisfactory site.
Saddlebow Intersection Area
The maximum embankment height becomes as much as 7m without any settlement 
or surcharge allowance due to the necessity of the grade separated junction; 
with these the height becomes approximately 9m. The site of the intersection 
is bounded to the north by housing edates and to the south by the railway, which 
is still operational as a small marshalling yard and to supply the local British 
Sugar Corporation factory. These factors produce a confined site where the
embankment heights are greatest. It was felt that this site, of the three 
so far considered, would yield the most significant information in as far as 
the final bypass design was concerned.
Harbour Junction Area
The site conditions improve from Puny Drain eastwards. Between the 
River Nar and Puny Drain, where the embankment height is increasing to cross 
the main railway line at Harbour Junction sufficient derelict land is avail­
able for berm construction should this be necessary. The critical factor for 
stability of the earthworks is a shear failure into Puny Drain or the River Nar. 
A cost analysis showed the viability of removing the weaker materials adjacent 
to the River Nar and the Puny Drain, and replacing them with a granular material, 
thus making this area unsuitable for the trial.
Selected Site
It was concluded that the best site for the trial embankment was in the 
area of Saddlebow Intersection. On making a closer study of this area it 
became apparent that there were two possible sites for the trial which did not 
involve the demolition of property. The first of these sites lay to the west 
of Saddlebow Road on the old station yard: this was discarded as the borehole 
information showed areas of fill which would be below any trial and thus pre­
clude the generalised use of the experimental results for the bypass as a whole. 
The second alternative was on playing fields to the east of Saddlebow Road, and 
in particular a bowling green and waste land between a drain and Saddlebow Road. 
Being on the east side of Saddlebow Road, this site has the advantage as 
stated in the site investigation report as follows:
"As pointed out in the section on ground conditions, the clays on the 
west side of Saddlebow Road are somewhat stronger than on the east 
side, this, together with the greater thickness of peat and slightly 
lower ground level resulting in a higher fill, has lead to greater 
settlements being predicted on this side (the east side)".
In selecting the Saddlebow Road area as a site it was borne in mind that one of 
the aims of the trial was to test the efficiency of sand drains, and this was 
the major area where sand drains at very close centres were recommended.
It was appreciated that the depths of the weak materials increases to 
the west. These materials, however, are not to be loaded to the same extent 
as at Saddlebow Intersection, except in the Pullover Intersection area where 
site conditions are complicated by the old River Ouse channel. Although 
extrapolation of the results to obtain the design parameters for this area is 
in a more critical direction, the required loading rate can be far slower.
The site finally selected was rather confined for the type of trial 
envisaged, being bounded by a number of physical features: the Saddlebow 
Road embankment, the railway, a ditch and an access road to the remainder of 
the sports field, figures 2*1 and 3.1, It was however closest to the position 
of the highest embankments of the proposed interchange and also the majority 
of any trial embankment on this site could be incorporated into the final works. 
In order to make most advantage of the small area available, the trial embank­
ment was constructed in the form of an 'L'. One leg, over the old bowling green 
area, had the four sand drain sections beneath it; the other leg over waste 
land bordering Saddlebow Road, acted as the control section, part of which was 
to be failed. Each leg contained two of the lines of instruments. The section 
to be failed was of necessity the inner of the two sections on the 'north-south1 
limb. It was imperative to have some load on each side of the failed section 
in order to give continuity of stress in an attempt to model actual failure 
conditions. Also as one of the objects of the trial was to measure lateral 
movements of each free nose of the embankment, it was necessary to keep the 
failed area as far away from the nose as possible. It was appreciated however, 
that one danger in keeping the failed section away from the nose was the 
possible effect on the results of one or more of the sand drained sections.
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3.U.1 Initial Site Investigation
The positions of boreholes sunk during the initial site investigations 
in the vicinity of the trial area are shown in figure 3.1 and the borehole logs 
in figure 3.2. These showed that the peat was not continuous over the whole 
site, being absent in B.H. 1U5. In order to determine the extent of the peat 
layer and to provide additional information to construct a complete section 
for the trial area, a series of hand auger holes were drilled.. These hand 
auger holes showed that the peat was absent over a small area of the site, but 
as the boundary lay beneath the bowling green, (which at that stage was 
sacrosanct!), the exact location could not be determined. The logs also 
showed an apparent discontinuous layer of sand immediately above the weathered 
Kimmeridge clay. However, some of the logs, whilst not showing a sand'layer, 
indicated that the samples from this horizon contained traces of sand, it was 
thus felt that the sand layer was probably continuous over a larger area than 
indicated. Ttfhere traces of sand were shown it was felt that the probability, 
was that the layer was very thin and that a true sample was not being obtained 
with the shell and auger type of rig being used.
3.U.2 Delft Continuous Sampling
Additional information from the actual site of the trial was obtained by 
taking four continuous cores with a Delft sampler, one at the centre of e*ch 
line of instruments, figure 3.1 (Carter, 1970). This involved a Dutch deep 
sounding adjacent to each position, followed by the continuous sampling-. Succ­
essful sampling was achieved to the level of the Kimmeridge for the first three 
cores, but the fourth on Section was only partially successful : the cutting
edge of the sampler was damaged by "a band of shell fragments" at a depth 2.38m. 
The resulting samples were split open, logged by a geologist and r^otopranked. 
Colour photographs were taken of the partialis dried samples and black and white 
exposures of the samples when fully dried. A point of interest is that the 
photographs showed that the peat was less than one third of its original volume 
after being dried. It was observed on site that after the sample had been 
removed from the sampling tube the stockinette "sausage" swelled to a diameter 
about 25$ greater than its normal size, over the length of the peat layer. The 
logs are given in figure 3.3.
3.U.3 Sand Drains
The sand drain holes were logged in an attempt to delineate the boundary 
of the peat beneath the bowling green, and also to check on the continuity of 
the sand layer. The latter was not found over a small area which is shown in 
figure 3.1 together with the boundary of the peat.
It was intended to locate the position of the various instruments from 
sections drawn from the Delft continuous samples supplemented by additional 
boreholes at the toes of the batters. However, this was not found to be 
possible and certain discontinuities appeared to exist, particularly on Section 
1 where, according to the foremanfs borehole log, a second peat layer existed. 
Further boreholes and a more careful inspection of samples, however, finally 
ruled out the existence of such a layer.
The information from boreholes for the incremental settlement gauges, 
supplemented the data available for drawing the sections. Two of these were 
sunk directly over two of the Delft holes (sections 1 and 2) and on comparison 
of the two sets of logs, inconsistencies were observed, particularly in the 
position of the peat layer. It is considered that this was due to disturbance 
of the ground in withdrawing the Delft samples and also in sinking the second 
borehole. A number of hand auger holes were also sunk to check the level of the 
peat.
During the installation of the piezometers a record was made of the peat 
levels. Certain piezometers were iistalled in hand auger holes which were again 
logged. Further borehole information was obtained during the insitu vane 
testing, both before the trial commenced and at various periods after loading 
the area. The positions of all the various boreholes are shown in figure 3.1 
and the final sections used for positioning the piezometers in figures 3 .U to 
3.7.
UKA-LPiS
3.5.1 Type of Drain
Although the site investigation report specifically recommended sand 
drains, other methods of drainage were investigated. Wick type of drains such 
as Kjellman cardboard wicks were discounted as not being economically viable at 
that time and no information on their use in this country could be obtained.
In any case it was felt that there might have been some difficulty in punching 
them through the peat. Sand wicks, consisting of a continuous hessian cylinder 
filled with sand jetted into the ground by high pressure water jets were also 
investigated. This type of drain is small in diameter and consequently must be 
installed at closer centres than large diameter drains. With the large areas 
that required draining this method has the major disadvantage that large 
quantities of water are required. As the drainage over the route of the bypass 
is difficult due to the flat nature of the area, most of the drainage dvkes are of 
the soakaway type and considerable problems in getting rid of large volumes of 
water would have arisen. Also it was felt that with this volume of water flow­
ing over the site, the ground conditions could have been adversely affected, due 
to softening of the surface crust.
It was therefore considered that the only possible type of drain that 
could be used was the conventional sand drain. The method of installation was 
next considered, these being three basic methods
(a) Fkndrel
(b) Jetting
(c) Boring
Landau (1966) carried out tests comparing the mandrel method and boring 
the drain with a flight auger, in laboratory samples of varv.ed deposits, which 
showed that the mandrel gave considerable remoulding. As the materials on the 
site of the bypass were considered to be susceptible to these remoulding effects 
the use of a mandrel was rejected.
Jetting has already been discussed, with the reason for its rejection.
Some form of boring therefore remained as the only feasible alternative. Any 
method that involved casing was considered to be suspect as remoulding and 
smearing would probably occur during driving of the casing. The most economic 
method appeared to be the use of a flight auger and reliance upon the hole to 
be free standing was considered possible as hand auger holes remained open during 
the taking of insitu vane tests, with the sand then being placed with a tremie.
A possible alternative was the use of a hollow stem flight auger, in which the 
sand is placed through the hollow stem. At the time of the trial this piece of 
equipment was relatively new and was not readily available for larger sizes of 
drain. It was also felt that this would be a more expensive technique due to 
the expertise required to pass the sand down the hollow stem.
j^xameuer ana spacing of Drains
The calculations in the site investigation indicated that drains in the 
range 300mm to Ii50ram diameter would be required and that in the vicinity of the
trial embankment the recommended spacing of the drains should be from 2m for a
2 2 
c or c^ of 0.9 m /year to 2,5m for a e or c^ of 1.9m /year on a triangular
pattern. It was thus proposed to use drains of 300mm and U50mm diameters at 
spacings of 2.5m and 1 .5 times this, i.e. 3.75m. However, after study of these 
proposals the Ministry of Transport Engineering Intelligence advised that in 
their opinion the diameters should be 300mm and l50mm. Figure 3.8 shows the layo 
of the drains^ wbid? wura. cofpskruck&d witfy dier/jctcrs of Jootoro ar)d Zooryrjj see 
3.5.3. Choice of Sand
Due to the nature of the silts and clays being drained it was felt that 
a relatively fine grading of sand would be required to avoid clogging of the 
sand by the finer particles being washed into it. As a properly graded filter 
mediumwould be expensive it was decided to use a local washed sand.
3°5.U Methods of Construction
As the hand auger holes put down for the ins it u vane shear strength 
measurements had remained open for some considerable time without collapse of 
the walls, it was felt that little trouble would occur in the construction of 
sand drains. As a safeguard against failure, rapid drilling methods were 
proposed, and the use of a continuous flight auger was billed as the main con­
structional method. This had the additional advantage of providing continuous 
support to the walls of the drain. The calculations for the drain spacing 
included a smear factor compatible with this method. Additional bill items 
provided for further support to the walls either with water or by casing, 
although the latter could increase smear. Further billed items provided 
for the use of a hollow stem flight auger.
The specification for the drains called for the following
(a) Drains to be installed vertically and within 75mm of the correct
setting out position,
(b) The depth and diameter of each hole to be measured and the computed
volume of the hole compared with the volume of sand placed in the 
drain. Where the difference between these volumes exceeds 10% the 
drain to be redrilled.
(c) The sand to be washed and free from all clay fractions and placed at
a moisture content compatible with the method of placing.
(d) The sand on delivery to site to be deposited on a hard clean standing,
and to be positioned in such a manner as to be free from subsequent con­
tamination from mud etc.' The sand to be handled in such a manner as to 
prevent any subsequent contamination, contaminated sand not being permitted 
in the construction of the sand drains.
(e) The sand to be placed in the drain by means of a hopper and tremie
pipe, of smaller diameter than the drain, extending to within 0.6m of 
the bottom of the hole on commencement of filling operations, except 
when a hollow flight auger is used when the sand is to be placed through 
the auger stem.
The reasons for clause (a) are self evident: the accuracy of the position 
of the drain and its correct vertical orientation are of prime importance in a 
trial such as this to ensure that a direct comparison of the results can be made. 
Clause (b) merely safeguards against collapse of the walls or arching of the 
sand. With the various methods used it is obvious that to ensure correct placing 
of the sand its moisture content must vary with the method. This is part­
icularly so with a hollow stem flight auger, where it becomes necessary to wash 
the sand down the smaller diameter hollow stems.
In order to prevent the falling sand striking the walls of the drain and 
causing them to collapse, or to prevent possible collapse of the walls during 
the filling operations due to flow of the soft saturated silts or clays, some 
form of temporary lining was considered necessary, and thus a tremie pipe was 
specified, reaching almost to the bottom of the drain.
The successful tenderer proposed to use a short length of auger, about
2m long, in lieu of a continuous flight and it was agreed that this method could
be used subject to a satisfactory trial on site.
Three trial holes were drilled before the installation of the drains was
commenced. The first hole was drilled successfully to about 5.5m, completely 
filling the flights of the auger each time, however on withdrawal of the full 
auger from this depth, the sides of the hole collapsed from a point just below 
the peat layer. A second hole was drilled and the auger was withdrawn each 
time it was about one third full, this time the hole remained open for the full 
depth. These two holes were to the west of the sand drain area and the use of 
the latter method on the third hole to the east and was also successful. All 
these holes showed the presence of the thin layer of sand above the weathered 
Kimmeridge at each end of the site as anticipated, this was found to exist at a 
depth of about 6 to 6.5m. It was felt that the collapse of the first hole was 
due to the piston action of the full auger causing a partial vacuum below the 
auger as it was drawn out of the hole. This effect could have been sufficient to 
suck the soft material below the peat into the hole thus causing the collapse.
A particular note of the smearing action was made during these three trials. It 
was observed that the wetter and softer deposits left a skimming of material on 
the sides of the hole on withdrawing, the auger* This appeared to be
removed as the auger entered the hole for the next ’’bite11; the auger was rotated
as it entered the hole and was kept rotating whilst in the hole. From 
observation of the action of the rotating auger it appeared that the smearing 
due to pasting by the rotating mass of material contained in the auger would 
probably be minimised by the use this method owing to the short contact period. 
This was particularly the case when compared with the specified continuous flight 
auger and on this basis it was decided that this method was acceptable.
The contractor was instructed to put the drains down to the depth of the 
sand layer. However, it was found that over part of the site the sand layer 
could not be detected, although traces of sand could be seen. A check was also 
kept on the peat layer and this also disappeared, rather rapidly, over one corner 
of the sand drain area. Figure 3*1 shows these areas, which are only approx­
imate due to the disturbed nature of the sanples brought up by the auger. The 
disappearance of the peat was anticipated from the lack of peat in BH.1l* 5 and 
also from the exploratory hand auger holes, carried out prior to the siting of 
the embankment.
During the drilling operation the amount the auger was being filled had 
to be checked frequently to obviate the tendency to overfill thereby increasing 
the possibility of "piston action" causing collapse of the hole. A full auger 
also increases the amount of smear action. A further tendency on the part of 
the operators was not to clean all the material from the auger each time it was 
emptied and this caused more material than necessary to be deposited on the walls 
whilst the auger was being inserted. A build up of a very wet paste-like 
material also occurred on the flights if they were not cleaned thoroughly. This 
would eventually overflow the width of the flight, particularly the small diameter 
auger, and coat the sides of the hole. The clean condition of the auger was 
found to be of greater importance with the smaller diameter. In some holes water 
was observed to flow from the walls of the drain in the vicinity of the peat 
layer and in one particular hole the water was under considerable head. In other 
holes water entered from the sand layer above the weathered Kimmeridge clay. In 
no hole was the placing of the sand affected by the previous intrusion of too 
much ground Water. The alluvium removed from the drains was noticed to be 
appreciably wetter both immediately above and below the peat layer .
The specification called for the use of a tremie pipe for placing the 
sand, and this proved to be practicable for the 300mm drains. As- all drains were
between 6 and 6.5m deep,the tremie was cut to 5*75m with the hopper entering the 
top of the hole, thereby sealing it off and preventing any loose material around 
the drain from entering it during placing of the sand. Whilst the tremie was 
being lowered, its end was sealed by means of a cap of thin steel plate, the 
weight of the sand pushing this off during the placing operations. In no case
was the sand volume less than 90$ of the hole, volume, but it was found that by the 
next day it was necessary to top up each drain with more sand. The maximum depth 
to which the sand settled was abo^ 0.5m.
As it was found that the 20’0mm drains could, not be trended due to arching 
of the sand in the small tremie pipe, the contractor was allowed, to fill these 
by inserting a hopper only into the top of the drain and letting the sand fall 
freely. A very careful comparison was made between the volume of sand placed by 
this method and the volume of the hole, to ensure that a collapse or arching of 
the sand had not occurred and in no instance was such a collapse detected. It 
was felt that perhaps a further advantage accrued in that the falling sand,in 
striking the sides of the hole,could possibly have removed some of the material 
smeared on the walls. If however this method was applied to the larger diameter 
drains there is a real danger that the increased volume of sand striking the 
walls could induce a collapse.
As it was found that the difference in cost between drain diameters was 
small the larger diameter drain would be the better proposition from the con­
structional aspect due to:-
(a) Its comparative ease of construction.
\
(b) The use of a tremie, which is a safeguard against collapse of the
borehole •
(c) The comparative ease in removing debris after construction and clearance
of spoil from the drain.
(d) The probability that it is less likely to become blocked during the
construction of the embankment by superfluous material falling from 
constructional plant during the clearance of spoil from the drain.
(e) Its simple location after construction so that the mouths can be checked
for contamination.
The major disadvantage found was that as the diameter increases so does 
the likelihood of piston action.
3*6.1 Location
It was proposed to arrange the various instruments in four basic 
sections, two on each leg of the embankment. Section 1 was designated the, 
control section and Section 2 the failure section on the undrained leg, whilst 
Sections 3 and b monitored the drained area. As each of the latter two 
sections provided data on the behaviour of two different diameter drains, the 
layout of the instruments in each half of each section was made as far as 
possible symmetrical about the centre line of the embankment. Additional 
instrumentation was installed in each of the two free embankment noses. The 
arrangement of the various instruments is shown in figure 3*9 and figures 3.U 
to 3.7 show the locations in cross section for each of the four sections.
3.6.2 Piezometric Installation
The preliminary layout of the piezometers was ibr 30 on each of lines 1 3 and 
1* and 31* on line 2. However, due to the site conditions as revealed by the 
various boreholes and to allow a greater coverage of the failure, the numbers 
on Sections 1 and 2 were increased to 35 and 37 respectively.
Methods of installation and type of piezometer were deliberated. Two . 
major factors were considered to govern the final selection: cost and the
requirement to measure changes in permeability. The methods of carrying out in- 
situ permeability tests were considered. It was felt that falling head and 
rising head tests would be unsuitable for the type of soils encountered at the 
site of the trial, due to the potential danger of disruption of the soil 
structure^ Schofield (1969). The falling head method was also considered unsuit­
able in view of the limitations discussed by Hvorslev (1951) • The remaining 
method, the constant head test, appeared to have much to be commended, e.g., 
Al-Dhahir et al (1969), Raymond and Azzbuz (1969), although Gibson (1969) pointed 
out that certain pitfalls existing with this procedure. It appeared that a 
number of the problems associated with the constant head test could be overcome 
by installing a piezometer in intimate contact with the soil rather than in a 
sand and gravel filter, Gibson (1970).
Methods of installation of piezometers were investigated. These ranged 
from tie installation, of one or more in a single borehole, each piezometer being 
surrounded with a sand or gravel filter and seals being formed with bentonite 
cement balls, to the installation of a single piezometer in a small diameter 
borehole. The multi-installation method was rejected, as experience of other 
workers had shown the difficulty of getting an adequate seal at different levels 
in a single borehole particularly when piezometer l eads passed through them.
The use of filters was also abandoned due to the problems associated with perm­
eability testing. This left the small diameter borehole technique. Discussions
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of a push-in type of piezometer tip, which could be pushed a short distance 
beyond the bottom of a small diameter borehole, the seal being achieved by 
grouting the borehole with bentonite : cement grout. The latter method also 
had the advantage that the complete installation was the cheapest of the methods 
investigated. One disadvantage of this method is the possibility of smear 
occurring wh&n pushing the piezometer tip to its correct position. It was 
considered, however, that provided the distance through which the tip was 
pushed was kept to a minimum, the likelihood of smear was probably no greater, 
if not less than that which occurs during normal drilling methods. A 75mm 
hole was drilled with a continuous flight auger to within about 0.3m of the 
final level of the tip which was then pushed to its final position. The method 
of installation has been described previously,Wilkes (1970). The final level 
of the piezometers was based on a soil profile drawn from the information given 
by the additional boreholes and hand auger holes. The original intention had been 
to rely on the Delft continuous sampling at the centre of each line, supplemen­
ted by boreholes at the toes of the embankment, picking up the peat and weath­
ered Kimmeridge levels. It was also intended to installa single piezometer in 
each of these boreholes. However the first borehole showed what at first 
appeared to be a further layer of peat, above the weathered Kimmeridge, and it 
was therefore decided to abandon the installation of piezometers in these holes 
until further investigation had been carried out.
Use of the continuous flight auger proved to be a rapid method of instal­
lation and from the rates quoted, comparatively cheap; it proved possible to 
instal three piezometers, inclusive of manometers and all connections by this 
method as against two, again inclusive, installed in 150mm diameter holes. The 
method was found to be ideal for the piezometers above and below the peat where 
a depth could be given. In the case of the peat layer however, initial 
difficulties arose in locating the top of the peat and after a series of trials 
the following procedure was adopted. An estimate of the position of the top of 
the peat was obtained from the plotted section; drilling was stopped 300mm above 
this, and then the auger advanced in a 15>0mm "bite"; the spoil was then brought 
to the surface and examined for signs of peat; this process was repeated until 
the peat level was discovered. If peat was found at the bottom of the "bite” 
the tip was pushed into the peat a matter of U50mm$ conversely if the peat 
covered the majority of the auger within the "bite", the tip was only pushed 
300mm into the peat. The smear problem in peat was not considered to be of any 
consequence. On Section U however, the levels of the peat found in the first 
of the holes being drilled for the tips in the peat was well above that
 xvu-j^vou, auxq huxb was aoanaonea ana une i^Omm "bites" were started 1.5m
above the anticipated level in a replacement hole. The original procedure 
however was soon resumed as this was found to be an isolated case. On Section 
1 the tips in the peat were put in holes bored by hand auger: greater accuracy 
was needed in view of the position of the piezometers in relation to the clay 
inclusion within the peat layer, see figure 3.U.
For locations above the water table level and outside the width of the 
embankment the type of piezometer was changed to the Bishop high air entry type 
in order to avoid the necessity of frequent de-airing. Beneath the embankment 
these were not considered necessary as the need for frequent de-airing would not 
arise, after the load had been applied.
The piezometers were connected to the manometers in the gauge house with 
twin tubes of 2.8mm bore nylon 11 tubing, with 1mm walls, coated with a 1mm 
thick outer sheath of polythene. These tubes were colour coded at intervals 
of 3m to make subsequent identification easier and laid in trenches i-rhich were 
back filled with sand to allow for easy location and access should the need arise. 
The tips were initially connected to pairs of leads 10m long and the residual 
length protruding from each hole was measured to give a check on the depth of 
each tip. A 3:1 bentonite scement grout was pumped into the holes to seal them as 
attempts to form a seal with the usual method-of punning bentonite scement balls 
showed that the 75mm holes were too small for efficient punningj the tool 
fouled the sides of the hole leading to possible contamination of the sealant 
with material from the walls and thereby a possible ineffective seal.
Analysis of the depths of the piezometers, as recorded by the drilling 
foreman, and as obtained from the lengths of the 10m leads protruding from the 
various holes, showed that the majority of tips were at the levels required. 
However, it was discovered that of the 132 tips, only five were misplaced and 
these were replaced. A further tip was found to have been pushed a distance of 
only about 125mm; this was not replaced and subsequent checks showed its 
behaviour to be similar to those pushed the specified distance.
The manometers in the gauge house were arranged in four banks, one bank for 
each instrumented section. Each bank had its own header tank and the banks 
connected to Sections 1 and 2 were also given back pressure units. In order to 
reduce frictional losses in the various runs of tubing to a minimum, header 
tanks and back pressure units were plumbed into the centre of the appropriate 
manometer bank. Originally two de-airing units were installed, each operating 
on two banks of manometers. Tests on two trial tips positioned away from the 
embankment were carried out to determine the maximum pressure that could be 
applied to a tip before the soil structure was destroyed. The tests were carried 
out by performing a series of constant head permeability tests with increasing
are discussed in more detail in Chapter it.
Initial de-airing was carried out by breaking couplings in the tubing in 
the field: de-aired water was applied until it flowed from the open joints and
one joint was then remade allowing the water to flow through the tip with the 
minimum possible head. The second joint was reconnected with water flowing from 
both sides. This was effective in the majority of cases, and further de-airing 
was not necessary. The few tips that required further de-airing showed that with 
atmospheric pressure on the pressure side and a vacuum equivalent to 1.5m'of 
water, the process would take about three to four hours per tip. In order to 
decrease the total de-airing time,two further de-airing units were installed so 
that each bank of manometers had its own de-airing unit. An electric compressor 
and an electric vacuum pump were both permanently connected to the de-airing 
units. A regulator valve was inserted into the pressure line to limit the pres­
sure applied to the de-airing units, and similarly a bleed valve was set in the 
vacuum line.
A test was carried out to measure the head losses due to friction in 55m
of tubing. One end was attached to a de-airing panel and the tube was filled
with water. The other end was open to the atmosphere and fastened vertically
so that about 3 to Urn of tubing extended vertically above the level of water in
the de-airirig unit cylinder. The pressure cylinder was opened to atmospheric 
pressure, and the water level in the tube allowed to find its own static level.
On applying a pressure of equivalent to 2.5m head of water the water level in 
the free vertical length of tubing was raised immediately by 1.8m, thus a loss 
in head of 2.5 - 1.8m of water occurred, i.e., 0.7m. The tube length of 55m 
was selected as being the mean length of the virious runs over the site and it 
was intended to increase the applied pressure to allow for the head loss in 
order to speed up the process of de-airing. Unfortunately the pressure gauges 
were not sensitive enough to allow necessary correction to be applied accurately.
After experience was obtained in de-airing, the process was speeded up by 
first using the above method until the flow out of the ’pressure1 cylinder 
balanced the return flow to the’vacuum cylinder* for a period of about half- 
an-hour. After that period pressure was slowly applied, and the vacuum increased 
at exactly the same rate in an attempt to give minimal variation in pressure 
at the piezometer tip throughout the de-airing procedure. This routine effect­
ively shortened the de-airing period to about two hours, The de-airing was 
carried out until a flow and return of 1.5 to 2 litres of water had occurred: 
this volume being greater than the total estimated capacity of the piezometric 
system. The criterion for de-airing after the initial process was taken to be 
a head difference of 0.3m head of water between the pairs of manometers. A
Additional leads from the supply and return lines, controlled by one way taps, 
allowed a unit to be connected into any piezometer in any other bank. Coloured 
leads were used, red for pressure or supply and green for vacuum or return.
They could be connected into the three way valves on the manometer board for the 
tip concerned, and after breaking the connection to the common bus bars, these 
connections were sealed with stop ends. This facility was of considerable 
use during initial de-airing and also during all subsequent de-airing operations. 
Care was, of course, being taken to ensure all connecting and reconnecting was 
carried out under slight pressure to ensure air did not enter the system.
3.6.3 Settlement Gauges
A number of different methods of measuring settlements were proposed. 
Incremental (or inductive) settlement gauges were used to measure movements of 
the three basic strata. The intention was to install one such gauge on each of 
Sections 1 & 2 and two on each of Sections 3 & U, the latter 1* gauges to monitor 
the behaviour of each of the four areas of sand drains. Measuring points were 
proposed at the top of the weathered Kimmeridge, at the top and bottom of the 
peat and at ground level. Further ground plates were installed on the inclin­
ometer tubes except for those located at the toe of the embankment. In order 
to reduce tubes and access shafts to a minimum, it was felt that further settle­
ment gauges should be of a type that did not require installation through the 
fill. Mercury settlement gauges of the T.R.R.L. type were proposed, four on 
each section: these in conjunction with the other settlement gauges would enable
the set-dement profile across the width of the embankment to be determined. On 
the advice of the then Ministry of Transport Engineering Intelligence Division, 
whose experience had shown that mercury gauges could prove unreliable, settle­
ment gauges of the B.R.S. hydraulic overflow type were substituded. It was 
necessary, on installing the B.R.S. gauges, to modify the gauge house instal­
lation due to the relative levels of the buried cells and the gauge house. As 
the buried cells were below the level of the standpipe assembly it was necessary 
to apply a partial vacuum to the top of the standpipes to raise the water level 
in the standpipes to a readable level.
Installation
The incremental settlement gauges were installed in 200mm diameter bore­
holes. They consisted of three types of measuring point with a rigid P.7.C. 
telescopic access tube. Rubber *0f rings sealed the telescopic joints against 
the ingress of material and the lower end of the access tube was sealed with a 
plastic cap cemented in position. The bottom measuring point was simply a metal 
ring cemented 300mm above the bottom of the tube and the ring was ultimately
r   uxxc xuvci ux wie weaunerea ivimmericige. The next pair of measur­
ing points were positioned sfc the level of the bottom and top of the peat layer 
respectively and were of an expanding pattern. These expanding reference points 
consisted of a cast aluminium housing with two extensible arrowhead . plates.
The access tube was pre-assembled with the three measurement points mentioned 
above fixed! in the correct positions as determined from the borehole log. The 
extending points were lightly taped into position on the access tube. The 
completed tube was lowered into the borehole so that the reference points were 
at their correct levels and the arrowhead plates on the expanding points were 
extended sequentially keying into the walls of the borehole. This extension was 
carried out by pressurising paraffin in nylon tubes which was connected into 
the housings behind the shafts of the arrowheads. The shafts were sealed into 
the housing with rubber f0 r rings and acted as pistons, a bleed hole in the 
housing controlling the amount of extension. The specification for the 
instrumentation required these units to be manufactured in aluminium alloy as 
previous versions had been manufactured in steel: in one known case (Mepna,
1969) the steel units had proved too heavy for soft alluviums and had settled 
under their own self weight. Finally a 300mm square metal plate 12mm thick was 
placed over the access tubing at existing ground level. The position of these 
various reference points was detected by lowering a probe containing part of a 
tuned inductance circuit down the access tubes. As the coil in the probe enters 
one of the metal reference points the circuit becomes detuned, this fact 
registered on a meter in the read out unit. The maximum reading obtained on 
the meter indicates that the coil is at the centre of the reference point and the 
depth of the reference point is then obtained from the calibrated cable connect­
ing the probe to the read out unit.
The initial level for setting the various reference points was obtained 
from the borehole logs determined by the Delft continuous sampler. On subsequ­
ent checking by hand auger some of the expanding points in the peat were found 
to be misplaced and were replaced. In total five of the original twelve expand­
ing units were replaced and on two of the sections the bottom rings were also 
found to have been misplaced. In one case of the misplaced bottom rings the 
complete gauge had to be replaced as the expanding units were also incorrect.
In the other case it was found that by shortening the probe the position of the 
bottom ring could be identified.
The cells of the hydraulic settlement gauges placed beneath the embankment 
were of the basic B.R.S. type. These were installed in pits 600 to 750mm deep 
and the cells with the supply, drain . and air tubes connected were carefully 
positioned with a bed and surround of concrete. After the concrete had hardened, 
the levels of the tops of the cells were measured and a final layer of concrete
about I^ Uram thick was placed over the top of the cells. The various leads, 
12.5mm diameter for air, 5mm diameter for the drain and 2.8mm diameter for 
the supply, were carefully laid in trenches with a general fall towards the 
gauge house. Within the gauge house the drain tubes were positioned to dis­
charge into a length of rainwater guttering. The air lines terminated in brass 
nozzles so that lengths of rubber tubing, connected to a high pressure air line, 
could be pushed over the nozzles as desired. Thus any required pot could be 
blown out and by removal of the rubber hoses could be left open to atmosphere 
whilst readings were being taken. The supply lines were attached to three-way 
valves at the base of standpipes, the remaining connection being to a bus-bar 
connected to the pressure line of one. of the de-airing boards; this is all as 
the B.R.S. standard gauge. However as mentioned previously the level of the 
weirs in the pots was below the level of the giuge house floor and it became 
necessary to artificially raise the level of the water column in the standpipe 
in order to obtain a measure of the settlement. This was done by applying a 
reduced pressure to the tops of the standpipes.. The sixteen standpipes were 
divided into two groups of eight, each group terminating in a perspex header 
tank such that each standpipe protruded about 75mm beyond the connection in the 
base of the header tank. One end of each header tank had a tapping at its base 
to which a moveable perspex pot was connected with a flexible tube. This pot 
could slide up and down a track against a scale and could be locked at any
v V
position. The other end of the header tank had two tappings, one at its base 
and one at the top. The top tapping had a single way valve attached and the 
lower one was initially connected to a water supply to enable the header tank 
to be filled, although it was subsequently found easier to fill the header tank 
through the standpipes.
The procedure for obtaining a reading was to pass a measured quantity of 
de-aired water through the supply line, corresponding to the volume of the 
supply lead plus 25$. Excess water was flushed from the pot by the air line 
and a further 0.1 litre of water fed into the supply line to. ensure that water 
overflowed the weir, i.e., compensating for any loss during the flushing oper­
ation. The standpipes were filled and allowed to overflow into the header tank, 
ensuring that the header tank level did not exceed that of the tops of the 
standpipes. During this operation the valve in the header tank was opened to 
prevent a build up of pressure within the tank. This valve was then closed and 
the standpipes opened to the supply line and the system was left for about two 
hours to ensure the achievement of equilibrium. The readings of the standpipes 
were taken and corrected for the partial vacuum applied at their tops, which 
was given by the distance between the level of water in the moveable pot and 
the header tank. The gauge house installation is shown in the photograph, 
figure 3.10,and a diagrammatic arrangement of the system is shown in figure 3.11.
xt, was round m a t  this system of measurement of settlement was very 
susceptible to operator errors. Difficulties were also encountered in the 
method of application of and maintenance of the partial vacuum with the water 
column. Ultimately it was found that this problem could be overcome to a 
certain extent by connecting a vacuum pump to the upper tanks. It is consid­
ered that a large number of suspect readings were obtained from this apparatus.
Variations in ground level on Section 1 made it necessary to position 
one cell considerably lower than the other three. It was found that the 
range of reduced pressure that could be applied by the moveable pot system was 
insufficient to cater for the difference in level between His cell and the 
other seven connected to that header tank, 3h this single case vacuum was 
applied directly from the vacuum pump which partially evacuated a small 
perspex cylinder connected to the top of the appropriate standpipe, figure 3.11, 
Pressure was recorded by a mercury manometer connected to the cylinder. This 
system loses accuracy due to the difference in density of water and mercury.
Owing to the magnitude of the settlements that occurred during the trial it 
became necessary to connect a further standpipe to the mercury manometer system.
3.6.ii Inclinometers
Inclinometer tubes were proposed to measure lateral movements of the sub 
soil. Four such tubes were positioned on Sections 1, 3 and U, two at the toes 
of the batter slopes and two at the shoulders of the embankment. On section 2 
six tubes were installed, two at the toes of the batter slopes, two at the 
points corresponding to the mid point of the batter slope of an embankment U .5m 
high (the proposed first stage height for the bypass embankments) and the remain** 
ing two at positions corresponding to the shoulders of a li.5m high embankment.
A further tube was positioned at the shoulders of each of the two free ends of 
the embankment.
The inclinometer selected for this trial was the Soil Instruments * Mk.1 
which used purpose made plastic access tube. The tube was installed in a bore­
hole extending at least 1,5m into the Kimmeridge Clay, drilled with a 75mm dia­
meter flight auger. Initially there was some difficulty in preventing collapse 
of the borehole which was thought to be due to piston action of a full flight. 
However, this was overcome by continuously rotating the auger whilst slowly 
withdrawing it. As soon as the auger was removed from the hole, it was filled 
with bentonite scement grout through a 50mm diameter metal tube. The inclinometer 
tube, consisting of three 3m length’s of tube cemented together was then forced 
into position through the bentonite grout. The lower end had been sealed with 
a cap cemented into position and the tube filled with water to overcome its
tube, a pin had been cemented across the tube to form a sump to ensure that 
readings always commenced at the same level. Metal rings were placed immediately 
above the couplings joining lengths of tubing and also 600mm above the pin; the 
positions of these rings were subsequently detected using the incremental sett­
lement gauge measurement equipment, with a larger detection probe. It was 
felt that it could be necessary to locate positions of joints in the tube as 
discontinuities in the deflection profile could occur at these points due to the 
relative stiffness of the couplings compared with that of the tube. With 
knowledge of these positions interpolation of the curve could be carried out to 
correct the profile obtained. The rings were held in position by means of 
three screws but unfortunately some of these screws had been overtightened, 
locally distorting the tube and causing the measuring instrument to jam. This 
problem was overcome by having the inclinometer fs spring feet modified to allow 
them to close up more and thus pass over the distortions.
Special provision was made for the tubes that passed through the embank­
ment fill to move independently of the fill. This was considered necessary 
to avoid distortion to the measured profiles due to settlement of the fill 
applying an axial force on the tubes and possibly causing a local buckling effect. 
The tubes were sleeved through the fill using a P.V.C. tube of larger diameter 
than the inclinometer tube, the void between the two being filled with bentonite 
slurry. Also to allow more flexibility to the system at the interface between 
the sub soil and fill, the inclinometer tube was arranged to pass through a box 
750mm by 250mm by 750mm deep, which was filled with bentonite slurry. This 
arrangement is shown in figure 3.12, where the box can be seen after filling with 
bentonite, with the sleeve lying to the right of the box; the photograph was 
taken after the drainage blanket had been spread. A sleeve can be seen in posit­
ion in the centre background of figure 3,13 which also shows the first layers of 
fill being spread over the drainage blanket.
The inclinometer itself Consists of a pendulum in a housing which passes 
down the inclinometer tubing. The pendulum is attached to the housing by a 
flexible metal strip on which sets of strain gauges are cemented with deflections 
of the strip being indicated by the strain gauges; the read out unit converts 
the strains to degrees of tilt of the housing. The housing has shoes top and 
bottom, which are exactly 300mm apart and which fit over one of the four 
internal keyways moulded in the inclinometer tubing. Sprung feet keep the shoes 
in contact with the keyways. In use the instrument was lowered down the tube, 
and readings were taken on opposite pairs of keyways, which were located during 
installation so that lateral and transverse movement could be measured. As 
transverse components of movement were of more interest in this trial these
were taken more frequently than readings showing lateral movements. It was known 
at, the beginning of the trial that this particular type of inclinometer was 
subject to drift (MsKenna, 1969). A calibration unit was therefore purchased 
which was set up in the gauge house. A 300mm drainage pipe was stoon on end on 
the concrete foundations to the gauge house and filled with sand to within 150mm 
of the top. The last l50mm was filled with cement mortar which was levelled 
giving a stable level base for the calibrating frame. It was found that it was 
necessary to calibrate the instrument before use as the drift approached as much 
as 1° per 2k hours, but a check on the instrument after a series of readings 
had been taken showed that the drift over about 3 to it hours was negligible.
Before calibrating the instrument after it had been in the warm gauge house over­
night it was lowered down the nearest tube for about half an hour or more to cool 
to its working temperature. Over a period of time the drift was such that the 
zeroing potentiometer reached the end of its travel and the measuring unit 
required modification. This modification became necessary on several occasions.
3.6.5 Heave and Thrust Gauges
A number of heave and thrust gauges installed around the embankment merely 
consisted of 12mm M.S. bars 0,75m long. A 300mm hole approximately 600mm deep 
was drilled with a post hole auger mounted on a tractor. The bottom 250mm of 
the hole was filled with concrete, the pin positioned centrally and the remainder 
backfilled with sand. Movement was monitored by normal surveying and levelling 
techniques. It was found that the bars were of too small a diameter and could be 
easily bent unless care was taken when walking in their vicinity.
3.6.6 Slip Surface Indicators
In an attempt to locate the slip surface on Section 2, four lengths of 
12mm internal diameter alkathene tubing, 10m long, were inserted into 75mm augered 
holes, using a 12mm mandrel inserted into the tubing; the holes were then grouted 
with a 3:1 bentonite:cement mix and the mandrel withdrawn 2k hours later. About 
5Q0mm of tubing was left protruding from the ground and was supported by lengths 
of scaffold tube driven into the ground alongside. A 600mm length of 5mm bar was 
attached to a nylon cord and lowered down each of the four slip surface indicators 
and the ends of the nylon cord made fast to the lengths of scaffold tube. A 
fifth bar was kept in the gauge house for lowering down the tubes as the failure 
approached.
3.6.7 Lateral Movement Gauges
To monitor the movement of the noses of the embankment simple instruments 
were devised which consisted of an inclinometer tube in each nose, supplemented by 
five 3m lengths of scaffold tubing laid horizontally into each end batter at
the fill at each of the final shoulder positions, two on each side of the 
inclinometer tubes.
On the sand drained leg the horizontal tubes were driven into the end 
of the embankment, which proved to be a difficult operation and the method was 
changed for the other nose. At this end the tubes were placed on a layer of 
uncompacted fill and rolled into it using the heavy roller. This seemed to 
be effective, particularly when a second layer of fill had been placed over 
them. Pads of concrete were placed over the tubes where they protruded from 
the embankment and about 300 to i;00mm of tubing had been left protruding, A 
theodolite was set up on lines of sight using fixed markers some considerable 
distance from the site and hacksaw cuts were made in the ends of the horizontal 
and vertical tubes to form a reference point to which subsequent movements 
could be related.
3.6.8 Observation Wells
In order to monitor the movements of the water table levels, an observat­
ion well was installed in each of the three basic layers adjacent to the gauge 
house. Three 150mm holes were driven, one into each layer, using conventional 
shell and auger equipment. Casagrande type well points attached to 20mm nominal 
bore P.V.C. tubing, were inserted into the holes, surrounded by a sand filter, 
sealed with a layer of punned bentonite rcement balls and the borehole was then 
backfilled with bentonitescement grout. The water level was detected in the 
standpipes with a dipmeter. These instruments will subsequently be referred to 
as the standpipe piezometers.
3.6.9 Well Points
During the construction of the embankment four well points (similar in 
form to the observation wells) were installed on each instrumented section, in 
the base of the fill about 0.5m above the drainage blanket. These were strapped 
to the nearest available instrument or tube that came up through the fill, such 
as inclinometer, vane shear sleeve or incremental settlement gauge. The 
purpose of the well points was to assess the behaviour of the drainage blanket.
On Sections 1 and 2 one of each set of four was installed in the top of the 
drainage blanket.
3.6.10 Insitu Vane Shear Tests
To enable subsequent insitu vane shear tests to be carried out beneath 
the embankment, a series of 300mm drainpipes were carried up vertically through 
the fill enabling the vane test positions to be predetermined thereby 
avoiding other buried instruments or sand drains and the necessity of boring into 
the fill.
3.6.11 Datum Points
In order to relate all measurements to a fixed framework, particularly 
those for monitoring the behaviour of the heave and thrust gauges, a number of 
datum points were installed around the site, four., primary (A, B, C and D, figure
of a 10m length of 50mm diameter water pipe inserted into a borehole, 200mm 
diameter for the primary and 150mm for the secondary. The boreholes ended at 
the level of the Kimmeridge clay. The water pipe was driven into the Kimmeridge 
for a distance of about 0.5m (which was refusal for the equipment used). The 
bottom metre of the bbrehole was filled with concrete and the remainder with 
bentonite slurry. Metal plates with a central ’pop* marked rivet were welded to 
the tops of the tubes and the upper end of the tube was protected with a l50mm 
diameter drainpipe surrounded with concrete.
3.7 CONSTRUCTION OF THE EMBANKMENT
Tenders for the fill material were obtained from a number of local 
suppliers, for two different materials: a free draining gravel for use as a
draining blanket and bulk-filling material for the embankment. Samples were 
obtained of the materials offered by the three lowest tenderers and sieve 
analysis, compaction testing and permeability measurements were carried out 
in the laboratory. From these it became apparent that the most suitable free 
draining material was a single sized gravel 37*5mm nominal size and for the 
bulk fill a local carrstone. Carrstone is from the lower Cretaceous series 
and consists of a weakly cemented sandstone with horizons which are more 
strongly cemented, these horizons have been used locally as a building stone.
It also contains a proportion of low grade ironstone. Compaction tests showed 
that the material has a dry density between 1970 and 2200 kg/m at an optimum 
moisture content of between 10.5 and 11.5$. Falling head permeability tests
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gave a value for k of the order 0.3 m/yr. Pulverised fuelv (P.F.A.) had been 
considered but as the source of supply was at least 80 miles from the site the 
cost was prohibitive both for the trial and the works.
Delays in obtaining the necessary authority to proceed with the trial 
and other subsequent delays in the completion of the instrumentation meant 
that filling was commenced during December, 1969. With the consequent short 
working day it was decided to fill each leg separately, commencing with the 
sand drain sections. This procedure had the advantages that the rate of fill 
was more rapid for each leg and a certain amount of expertise would be obtained 
in control of filling operations and carrying out the various measurements 
before the failure occurred.
The plant utilised in this trial was as follows:-
Fiat Ad 7 with dozer blade
Bowmag 200 BW vibrating roller
Small Pavement roller with vibration.
The Fiat was replaced with an International BD 6 as it proved to be too cumber­
some in view of the large number of obstructions formed by the instrumentation. 
The labour force, in addition to the plant operators consisted of a foreman and 
three labourers from the local Divisional Surveyor’s Direct Labour Organisation.
A l*50mm drainage blanket was first laid over the sand drain area. It 
was found to be necessary to place a haul road of Carrstone to facilitate this 
operation. After the drainage blanket was placed the Carrstone was brought in 
at an average of 6LtO tonnes per day and in all some 8,1*00 tonnes were placed in 
15 days. Unfortunately, as filling commenced, on 8th December, 1969, it was 
only possible to arrive at a height of approximately l*m above ground level by
Christmas. As a week would then have elapsed before further fill could be 
placed, it was decided that little would be gained in resuming the filling 
operations to achieve the required l*.5m due to the dissipation of pore press­
ure that would occur. However, it was found that the'settlement which 
occurred during the fifteen day filling period was such that the actual fill 
placed was equivalent to an embankment height of l*.3m. Figures 3.13 and 3 ill* 
show the early stages of filling. During filling of this leg damage to the 
instrumentation was confined to broken inclinometer tubes. I 301 at the toe 
was irreparably damaged when the roller fell off the edge of the embankment on 
top of it and I 603 was broken by the bulldozer but was repaired.
On clearance of the site of the undrained leg a large depression was
discovered which gradually filled with water as the water table level rose
after a dry summer. This depression was brought up to the general level of 
the surrounding ground in the week after Christmas, prior to commencement of 
the main filling. The drainage blanket, which was 300mm in thickness, and a 
haul road across it were also constructed in this week, and figure 3.15 shows 
an aerial view of the trial at this stage. In order to construct this leg as 
rapidly as possible the supplier was asked to provide a 1220 tonnes of fill 
daily. However, for a variety of reasons this was not attained and the 
average daily figure was 1030 tonnes. The bulk filling started on Monday 5th 
January and continued until 16th excepting the weekend of 10th and 11th. The 
fill heights were to l*.5m above ground level over Section 1 and 6.25m above
ground level over Section 2.
3.8.1 Mode of Failure
The additional height of fill over Section 2 was made up in two days,
15th and 16th January, 1970. By the afternoon of the 15th small cracks were 
noticed in the surface of Section 1 originating in the vicinity of the 300mm 
diameter concrete pipe. These.cracks were at that time thought to be merely 
due to settlement within the fill material as it had been difficult to give 
adequate compaction around these pipes with the small roller. On the evening 
of the 16th, it was observed that the cracks in Section 1 were lengthening. 
Unfortunately it had not been possible to compact fully the last layer on 
Section 2 during daylight, particularly in the area between the vane sleeves.
It was, therefore, difficult to detect any early cracking on this section, 
although there were indications that a crack was forming between the pipes.
A grid of steel pins was placed over Sections 1 and 2 to monitor movements; 
levels of the fill at the pins and measurements between pins were taken at 
frequent intervals.
The area was inspected regularly throughout the night until Ch .00 hours 
on the morning of the 17th and no movements were apparent. At 08.00 hours, 
however, a bulge was noticed at the toe of the slope adjacent to the gauge house; 
an inspection of the top of the embankment showed that major movements had 
occurred with a crack having formed along the western row of concrete pipes.
To the east of this crack, i.e., on the gauge house side the fill level had 
dropped by about 1.5 metres, with the top of the bank on this side still plane 
but inclined upwards towards the gauge house. A considerably smaller movement 
of the west side of the embankment was also noted, with a slight heave at the toe 
of that batter. The cracks extended down the slope between Sections 1 and 2 and 
a failure of Section 1 had also occurred, but the movements were by no means as 
great as those of Section 2. The major cracks in the surface of Section 1 curved 
back towards the nose of the embankment. There was also a certain amount of dia­
gonal cracking. To the north of Section 2 the cracks curved rapidly round to 
the angle between the two halves of the bank. The photographs given as figures 
3.16 to 3.21* show various,sections of the failure, whilst the aerial photograph 
figure 3.25 taken several days after failure shows the full extent of the 
failure movements.
The movement of the toe heave continued for several days after the 
slip occurred and movements of the embankment also continued for a short period 
after the major movements had occurred.
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The behaviour and data obtained from the various instruments will be 
fully discussed in subsequent sections. Their behaviour as observed during 
the failure itself will however be briefly mentioned below.
The readings from selected piezometers, based on the gauge datums, were 
plotted as filling proceeded. From these plots it was observed that there were 
no indications of incipient failure revealed by apparent rapid rises in pore 
pressures. The only indications obtained from the piezometric installation were 
on the 16th January. At about 21,00 hours, some five hours after filling had 
been completed, whilst a set of readings was being taken,, it was noticed that 
the manometer readings for several piezometers were fluctuating rapidly. A 
variation of as much as 5 to 6 metres head of water, occurred within a period 
of 10 - 15 seconds, this rapid fluctuation occurred several times and then 
ceased; attempts to de-air in order to prove continuity of the system, resulted 
in either nil flow or return or a return of discoloured water. It is considered 
that this phenomenon was caused by ground movements stretching the leads, thus 
reducing the bore and hence effectively increasing: the pressure recorded® 
followed by a sudden release when the frictional resistance of the leads was 
overcome by their elasticity and reduction in diameter> causing the bores to 
revert to their original size and hence effectively decreasing the pressure 
recorded. This sequence was repeated until a failure of the leads occurred 
probably at one of the buried mechanical joints. In order to give an indication 
of magnitude,the volume change required in the manometer tubing to produce an 
apparent change in pressure of 1 metre head of water is 0.23 mis; the bore of 
the manometer tubing used was 1 .9 mrt^ and that of the mAin leads 2.8 mm'.
Profiles for selected inclinometer tubes were drawn as filling proceeded 
mainly for tubes at the toes of the embankment as problems of access to the 
other tubes during filling and extension of the tubes made it difficult to read , 
these as frequently as those at the toe. As the failure movements progressed 
on both Sections 1 and 2 the majority of the tubes which passed through the 
slip zones fractured.
Settlement readings were taken at frequent intervals and plotted.
The hydraulic settlement units unfortunately suffered from lead fracture on 
the two failed sections. Additional settlement data wer^obtained from the 
ground plates placed over the inclinometer tubes.
3.8.3 Shape of Slip Surface
The shape of the slip surfaces developed during the failure of Sectfon 
2 can be deduced from the position of the cracks formed around the concrete 
pipes, the position of the toe of the heaved zone at the base of the batter and
from the behaviour of the various instruments. The slip surface indicators 
enable the extent and position of the slip zone to be deduced from the 
position of the jamming of the rod left at the base of the tube and also by 
the jamming of a second rod lowered from the surface. The position of the 
breaks in the inclinometer tubes were obtained by lowering the inclinometer 
and recording the depth to which it could be lowered. This position was 
checked by lowering the large settlement probe. As the latter was shorter 
than the inclinometer torpedo 050mm as opposed to 300mm) it was considered 
that a better assessment of the level of fracture point was obtained. On 
comparison with the last complete profile of the inclinometer tube that 
had been obtained it was found that the fracture points showed good agreement
with the position of greatest change in slope, figure 3.26
The various points were plotted on a cross section of the embankment 
and an estimate of the shapes of the slip zones made. The slip zones obtained 
in M s  manner are shown in figure 3.27. As can be seen, the failure zone runs 
along the sand layer on top of the weathered Kimmeridge and is of a non-
circular form. When boreholes were taken for the installation of the monitoring
instrumentation for the main constructional works a number of good jar samples 
of this sand were obtained. An inspection of these some weeks after they had 
been taken showed that settlement of the samples had occurred and a quantity 
of water lay above the sand in the jar. It would seem possible that this sand 
has a high natural water content, and failure occurred along the sand layer due 
to high excess pore pressures being set up thus producing a reduction in 
effective stress. Unfortunately no piezometers were installed in M s  layer 
which could have confirmed this proposition. There was evidence to the contrary 
however that drainage occurred through this layer. This will be discussed in 
Chapter 5.
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CHAPTER h
LABORATORY AND BIS ITU TESTING .
This chapter reports the soil parameters obtained from both laboratory 
and insitu tests. Data obtained from the site investigation for the route of 
the bypass are given, mainly from samples obtained from the boreholes in the 
immediate vicinity of the trial embankment site. The positions of these bore­
holes are Shown in figure 3.1. Where the information in the trial area is 
insufficient, it has been supplemented by test results from other relevant bore­
holes. Additional data from subsequent investigations for and during the trial 
are also given•
Reference is made to some of the other workers who have had access to 
samples from the trial site, or who have worked on it. G. B. Webster and 
A. A. W. A. ifedhloom, both students of the University of Surrey have carried 
out studies on samples of the alluvium; J. M. 0.. Hughes, a postgraduate 
student of Cambridge University carried out trials of a protot7/pe instrument 
for measuring insitu properties of soft clays adjacent to the trial embankment .
The chapter is divided into sections, each of which deals with a part­
icular type of test or a related group of tests. The results are discussed 
bearing in mind the reliability or otherwise of the initial data.
Firstly the Atterburg limits, from tests made on samples obtained from 
the trial site during insitu vane testing, are given. The Casagrande classif­
ication is obtained and an indication of the degree of overconsolidation is 
deduced.
The second section considers the consolidation characteristics of the 
soils and mainly reports the data obtained from the site investigation. The 
conclusions of Webster*s (1973) study are given. This section is followed by 
a section dealing with triaxial testing. The results of these tests are 
discussed together with the work of Madhloom (1973).
In the next section the results of insitu vane shear tests are given.
The possibility and effects of anisotropy are discussed and the magnitude of 
correction to insitu vane tests results for anisotropy determined. The failure 
mechanism at the vane head is examined.
This is followed in the fifth section by the permeability measurements 
carried out both in the site investigation and during the trial period with a 
discussion on the suitability of the constant head test. A dissertation on the 
interpretation of the data, using the phenomenon of hydraulic fracture to measure 
values of KW, is given. The basis of this section is a published paper, Wilkes 
(197^). The suitability of the constant head insitu permeability test data for 
the determination of the coefficient of consolidation is discussed.
U.1 ATTERBERG LIMITS
Classification and moisture content tests were carried out on disturbed 
samples obtained during the various programmes of insitu vane testing. The 
data obtained were compared with that given in the main site investigation 
report and were found to be in general agreement. Figures U.1 to. U.U show the 
results of these tests and also a diagrammatic representation of the relevant 
boreholes for each of the four instrumented sections.
Values of plasticity index, 1^, were plotted against liquid limit, w^, 
onto a Casagrande plasticity chart, figure I*. 5. Reference to figure J4.5 shows 
that the majority of points lie above the ’A ’ line and fall within the CH zone 
of the chart, i.e. ’highly plastic inorganic clays’. However, it was noted . 
during the laboratory work that a number of the samples contained peat inclus­
ions. This was particularly so in the samples from the lower alluvium and such 
samples exhibited a high liquid limit.
From the behaviour of the material under load and from other test results 
it was suspected that the materials could be lightly overconsolidated. In an 
attempt to quantify this, use was made of Skempton’s (1957) relationship between 
the ratio of undrained shear strength to effective overburden pressure (c^/p1) 
and plasticity index 1^, for a normally consolidated clay, i.e.
°u « 0.11 + 0.037 I .................. Iw1
P' P
Values of cy/pf were obtained from equation U.1 from which a value of p ’ was 
calculated assuming that ** s , where is the undrained shear strength
measured by an insitu vane test. The value of the present effective overburden
pressure, p^, at the depth from which the sample was taken, was calculated and 
the overconsolidation ratio was taken as p ’/p^. Histograms of the overconsolid­
ation ratio obtained were drawn for the upper and lower a.lluvial deposits, for 
various water table levels, figures lj..6 and h,7. Because of problems encountered 
in establishing the true water table level at any part of the site, (this aspect 
will be more fully discussed in a subsequent chapter), the effect of its 
fluctuation was considered worthy of investigation. The probable water t°ble 
level at the time of carrying out the majority of the tests was between 1 and 2 
metres below ground level. The overconsolidation ratio for the upper alluvium, 
therefore, lies within the range of 2 to I* and for the lower alluvium the range
is between 1 and U. It must be emphasised that the above values can only be
considered to furnish an indication of the degree of overconsolidation, due to 
the variability of the ali.uvial materials and the fact that Skempton ’s expression 
(equation 1|.1) is based on a statistical analysis of results obtained from a 
considerable variety of materials. The actual value of c^/p’ for a normally 
consolidated deposit of the nature of those found at King’s Lynn, may not
necessarily lie on the lir.*8 given by equation U.1 .
An alternative method of displaying the data given in the histograms 
is’shown in figure U.8. Values of Su/Pg 1,Tfire calculated, based on a water 
table depth of 1m. These were then plotted against plasticity index. Super­
imposed in figure lu8 is the line representing equation h.1, i.e. normally 
consolidated material. From this figure it can be seen that the majority of 
the points lie well above the ’normally consolidated* line (the reservation 
mentioned above still applies to the line-shown in the figure).
It would thus appear that the soil is overconsolidated but that it is 
not possible to quantify the degree of overconsolidation, the analysis 
presented must only be taken as giving an indication of the overconsolidation 
ratio. The cause of this overconsolidation is a matter of conjecture. Parry 
(1970) lists three possible causes:
(a) Desiccation stresses due to moisture extraction, surface evaporation 
etc.,
(b) secondary or delayed consolidation, and
(c) change0 in static groundwater level.
A fourth cause is given as due to erosion of surface material, Parry discounts 
this in recent deposits. In the case of the King’s Lynn deposits however, it i 
considered that this fourth cause could be a significant factor in producing 
overconsolidation. The root structure observed would also indicate that 
desiccation could also be a factor. The variation in water table level encount 
ered during the course of the trial would also contribute to overconsolidation. 
No direct evidence is available to indicate the effect of secondary or delayed 
consolidation, (Bjerrum, 1972) but it is considered that this could also 
contribute due to the nature of the deposition of the soils.
U.2 CONSOLIDATION CHARACTERISTICS .
U.2.1 Site Investigation Results
Oedometer testing was carried out as part of the main site investigation 
using 3 inch diameter and a limited number of 10 inch diameter samples. Taking 
firstly the boreholes in the vicinity of the trial embankment, data are given 
in Table I4.I for values of the coefficients of consolidation, c , volume change, 
m^, and compressibility, a^, based on tests carried out on 3 inch diameter 
samples. Values of these parameters are given for load increments corresponding 
to embankment heights of Ini?, £.£, 6.£ and 7.5m, based on a fill density of 
2000 kg/iri^ , (i.e. a unit-weight of 19.6 Wtf/m^ ) .
On examination of the individual values given in Table U.1, it is apparent
2
that values of c vary considerably, with a range of 0.28 to 0.97 m /year for 
^ 2
the alluviums and 0.68 to 5> .U3 m/year for the weathered Kimmeridge. It is 
considered that the clayey silts in borehole 1)4 5 are not typical of the trial 
embankment site,and these values and those for the remoulded sample have not been 
used in obtaining mean values. The full sample description for sample 138/11 is 
”soft grey brown silty clay with some vegetable matter, probably weathered 
Kimmeridge clay”. This description is considered to be atypical of the weathered 
Kimmeridge and has been ignored in assessing the mean value of c^.
The coefficients of volume change, m , were obtained from the e-log p 
curves for the oedometer tests using the relationship:^
C -j /p1 + Am = c n —  (V~V  r 7 -.-. . loEl0    U .2
A p(1+e ) n T
r o o
Where = compression index
Pq! “ effective overburden pressure
A p = pressure increment
e = initial void ratioo
Values of the coefficient of compressibility, a^, were obtained from the 
e-log p curves using the expression
a = m (1 + e )      h .3v v o .......
The mean values of m and a were calculated on the same basis as forv v
c . The e-log p curve for sample 1)4)4/86 was curved and thus a value of C was v ■ ■ c
not calculated because it liras considered that as the load increments were close
together and at one end of the log cycle, a mean value of C taken over the full
c
log cycle could produce misleading results. The mean values given in Table I}.1 
were used to calculate the response times (Appendix 1).
Generally over the xrtiole site the results obtained from the tests under­
taken for the site investigation were variable. This has already been discussed 
in Chapter 2. However, from the data it was possible to produce generalised
values of C , m and c . Curves for these values have been given as figures 
c* v v
2.2, 2.3 and 2.I4 and are included in this chapter as figures h>9} U.10 and U.11
for the sake of completeness.
Seven 10 inch diameter piston samples were taken from three boreholes.
Samples from two of these boreholes only were used for oedometer tests and these
were at some considerable distance from the site of the trial. Consequently the
data obtained cannot be directly applied to this study. Values obtained in
these tests are given in Table U.2.
Table U.3 gives values of c , from rising head permeability tests and
Table I4.U values of c for the peat from either oedometer tests or triaxialv
dissipation. Figure i;.12 shows adjusted values of the coefficient of consolid­
ation from field permeability tests. These were carried out at overburden 
pressure and have been adjusted to overburden pressure plus a load equivalent to 
107.3 M/in’ (1 ton/sq.ft.)
Coefficients of secondary consolidation, C , obtained during the sitesec
investigation are given in Table U.f?. As can be seen these also are very 
variable.
The overall conclusion that may be drawn from the site investigation data 
is that the materials are so variable that the parameters obtained should 
generally be applied over a relatively small area only.
Ij..2.2 Other Tests on Samples from the Bypass Route
In 1973 a number of samples taken from boreholes along the bypass route 
were made available to the University of Surrey. Several of these were tested 
by Webster (1913), to examine the effect of rate of loading and magnitude of 
loading increment on settlement predictions. Although the project report states 
the samples were obtained from beside the trial embankment, this unfortunately 
was not so and they were actually taken some distance from the trial site. Due 
to the variability of the material, as already mentioned, values of the various 
parameters are inapplicable to this thesis. However, the overall findings are 
worthy of note and the conclusions of the study are given below :-
1. The coefficient of volume compressibility (m ) was unaffected by a change
in the duration of the loading increment, or the magnitude of the loading
increment.
2. For tests where the loading duration was 2l| hours or less the
coefficient of consolidation (c ) was approximately constant, but 
for longer loading durations c^ was reduced. The effect of loading 
increment ratio had no significant effect on this coefficient.
3. The e-log p curves were parallel but displaced from each other. The
20 minute loading duration curve was displaced above the other curves.
A change in Ap  ratio had little effect on the displacement of the 
P
curves which were still parallel.
h* The amount of secondary compression increased with an increase in loading
duration but decreased when A p  was increased.
P
A further point made in the report is that the clay appears to be normally
consolidated but because of the difficulty in establishing the p point it mayc
be slight!:/- over consolidated.
U.3 TRIAXIAL TESTS 
U.3.1 Test Results
Both consolidated quick undrained triaxial compression tests and con­
solidated undrained triaxial compression tests, with pore pressure measurements, 
were carried out as part of the main site investigation. Values of c, c !, $ 
and j61 are given in Table U *6. As very few tests were made on samples from the 
vicinity of the trial embankment site, two sampling bores were sunk on the line 
of the undrained leg. These boreholes are shown as T1 and T2, figure 3.1. Sets 
of three inch diameter (38mm) specimens were prepared from iAjl samples taken 
from these two boreholes, and tested using the following procedure:
Sample A IJhdrained test with pore pressure measurements. The sample was 
not consolidated, and the cell pressure during the test was 
equivalent to the overburden pressure multiplied by the lateral 
stress ratio, K .
o
Sample B Consolidated undrained test with pore pressure measurements. The 
consolidation pressure was equivalent to the effective overburden 
pressure plus 3 metres of fill, and the cell pressure during the 
test was the consolidation pressure plus 1l|0 kN/m (20 p.s.i.)
Sample C As for Sample B, but the consolidation pressure was equivalent to 
the effective overburden pressure plus 6.25 metres of fill.
Pore pressures or suction in the samples were measured prior to the 
application of the load. The various parameters used to obtain the loads and 
pressures were as follows
Bulk density of silts and clays = 1760 kg/m (110 lbs ./cu. ft.)
Bulk density of peat = 1280 kg/m^ ( 80 Ibs./cu. ft.)
Bulk density of fill = 2000 kg/m" (12£ lbs./cu. ft.)
Lateral stress ratio, K = 0.£
o
The water table level was assumed to be at ground level. The results of 
these tests are given in Table h»9
Examination of the results of this series of tests showed that the tests 
carried out at the higher pressure could be considered as suspect. A typical 
test result is given as figure U.13. The suspect data were first noted when the 
consolidation characteristics of the material were being investigated. Parry 
(1968) plots peak deviator stress against initial consolidation pressure to show 
whether or not the material is over consolidated. A normally consolidated material 
would give a straight line passing through the origin on such a plot. Overconsol­
idated materials produce a curve above the normally consolidated line, which is 
initially flat and ultimately merges with the normally consolidated line.
Figures U,1U to U.16 show the plots for each of the three basic layers and
data are also included on these figures for tests from the main site investig­
ation, The plots generally indicate that the deposits are lightly overconsolid- 
ated.
In an attempt to overcome the problem of suspect readings and to obtain 
mean values of c 1 and j$f the failure values based on maximum deviator stress., 
were plotted on a conventional p r - q* diagram, figure U.17, where:-
.  i ipt = ■ cr + cr^
—  -
and q' = <r\ -cr,1
' 2 ■
O' y - effective major principal stress
O’2 ~ effective minor principal stress
One significant feature of figure U.17, is that it shows that all the 
materials, including the peat, behaved in a similar manner during triaxial test­
ing, Mean values for c 1 of U.8 M/m^ and for )6r of 31°20! were obtained for the 
alluviums and the peat.
U .3.2 Fore Pressure Coefficients
Skempton (191|8) expresses the relationship between the pore pressure 
change in an element of saturated clay and the changes in total stress by the 
equation
A u  • + A (Acp - A ct )  .... ....... lt.it
which was subsequently modified to cover the case of partially saturated soils 
(Skempton 1 95>U) to the expression:-
Au = .3 (Acr, ■+ A (AO', -Act',)) ......... )4.S
* V
Table h,8 gives values of the pore pressure coefficient, A, derived from 
triaxial testing and measured at the failure point of the sample when the 
deviator stress - (7^) is a maximum, the parameter being designated as
From the table it can be seen that in the majority of tests at the high cell 
pressures, test C, the values of A^ are lower than those for medium cell 
pressures, test B. If the soil were normally consol id rated., the value of A^ * 
should be constant and independent of failure stress. However, if the soil is 
overconsolidatsd the value of A^ will increase until a stress is applied 
equivalent to the preconsolidation pressure, after which A.r should remain 
sensibly constant. It is considered that in the case of test C some drainage 
of the sample is occurring and the true effective stress is not being measured0
The fact that when the data for these test^ are plotted on the p* - q f .diagram, 
figure U.13, the’r. are compatible with the other data, would support the suppos­
ition of partial drainage of these samples.
I4. .3.3 Further Triaxial and Other Shear Tests
As mentioned previously some samples have been tested at the University 
of Surrey. Madhloom (1973) carried out an investigation into the undrained 
shear strength of the alluvial deposits. Madhloom considered three factors as 
having a considerable influence on the undrained shear strength measurements, 
namely
(a) Rate of loading.
(b) Orientation of the failure surface.
(c) Type of shear test employed.
Although individual test data cannot necessarily be directly applied to 
the trial, as the boreholes from which the samples were taken were some distance 
from the site of the trial, the general conclusions are considered to be of some 
relevance. Figure Ip. 18 and Table U.9 are summaries of the shear strength data
obtained by Madhloom. Madhloom found that the testing rate was significant, the
general indication being of decreasing strength with increasing failure time; 
a decrease in strength of the order of h% per log cycle of time was measured.
The orientation of the failure surface had little effect on the undrained shear 
strength. It was found that the type of shear test significantly affected the 
measured undrained shear strength (figure U.18 and Table U.9). J&dhloom also 
showed that the measured strength anisotropy was not large, although the material 
appears to be anisotropic.
h  J i  TKHTTIT V M 7  SHEAR. TESTS
JiJi.l Tnsltu Vane Results
Insitu vane shear measurements were carried out prior to construction of 
the trial embankment. After filling was complete further vane tests were taken 
at various time intervals, using the concrete drain pipes placed vertically 
through the embankment filling material as sleeves. It was not possible’to use 
the nipes on Section 2 as after failure they were no longer sufficientl?7- 
.vertical for the drilling rig to operate through them. The results before and 
after filling are presented in figures U.19 to U .21 and for Section 2 prior to 
filling in figure I*.22. Figures U .19 to I4..21 show that there is a rapid build 
.up 'in strength over the first. 100 days followed by a very much slower rate 
increase. It is interesting to note that the greater increase in strength due 
to pore pressure dissipation is shown in the softer layers in the vicinity of 
the peat. As the pre-fill strength profile increases in value so the net 
increase in strength due to pore water pressure dissipation decreases. From 
the data it is concluded ijhat a 2$% increase in strength may be taken for the 
design of second stage earthworks, as it is the lower strengths that are used 
for Jakobsen (191;8) type calculations for the berm sizes to stabilize the final 
height of the two stage earthworks. Confirmation of this increase is given by 
the value of su/p, which was shown to be 0.2£ by the. site investigation test 
results .
LJ4..2 Anisotropy
j During the construction works for the bypass an opportunity arose to make 
additional insitu vane shear measurements in an excavation for bridge foundations, 
which were partly beneath the trial embankment. In an attempt to discover if 
anisotropy occurred within the alluvium, a small hand vane apparatus was used the 
vane being inserted vertically and horizontally. Two different vane sizes were 
used, C.75? inch and 1 .3 inch diameter, both having a length to breadth ratio, r, 
of 1.5. The tests were carried out within a face of the excavation that had 
been below the trial embankment. At each test site at least two readings were 
taken, one with the vane axis vertical and the other with the vane axis horizon­
tal. In an attempt to overcome the effect of disturbance of the excavated face, 
the vanes were inserted at least a metre into the alluvium. At each test site 
care was taken to ensure that the final positions of the vane were at the same 
horizon and as close to one another as was practicable, taking into account the 
disturbed zone due to any previous test. It was found that using the larger 
vane, the values of measured shear strength exceed.ed the limits of the apparatus. 
The results of the tests are given in Table Ir.lO, where the terms horizontal and 
vertical are used to describe the direction of the axis of the vane. The value
of shear strength was calculated in accordance with British Standard 1377:1967 
Test 17, i.e. using the expression:-
KWhere s^ is the insitu vane strength
is the torque required to shear the soil
and K is a constant, dependent on the dimensions and
shape of the vane,
K * D^H (1 + Dj ...... U.8
2 3H
Where D is the diameter of the vane
and H is the height of the vane.
Denness and Green (1971 ) discuss the use of the insitu vane test to 
determine the anisotropy, S, of a material, defining the factor S as
S = •••................ ^.9
cuv
Where c ^  is the undrained shear strength on the horizontal 
plane
and c  is the undrained shear strength on the vertical
TE7 -plane.
The expressions b»7 and b .8 assume that the shear strength is uniform not 
only across the ends of the cylinder being sheared but also around its perimeter 
(B.S. 1377j1967), i.e., isotropic conditions. However, for anisotropic conditions 
the expression for torque at failure for a vane with its axis vertical is:-
T = D . c . 2 IT. DH + 2 f D/2 r. c ,. 2 TV r dr
v  ^ T  J 0 1311
= . TTD2H c + IT D3 c ,      U.10— —  uv — g—  uh
Where T is the torque required to shear the soil with the 
vane axis vertical,
r is the radius of the failure cylinder
Combining k»9 and 1*.10 gives:-
= c,„r JLif. H (1 + _D_ S)  ......ii.11
2 3H
car> be ta k .c .9
• “the ratio of s ^  and s ^  from Table l|, .10|as equivalent to the 
ratio of T^ to T^, where T^ is the torque required to shear the soil with the 
vane axis horizontal. This ratio is denoted as the torque ratio T by Denness
and Green. From the diagram (figure 1|.23) given by Denness and Green as their
figure 3, it is now possible to obtain a measure of the anisotropy of the
undrained shear strength and this is given In Table 1±.10. It should be noted
that the diagram is based on the assumption that the distribution of undrained 
shear strength is elliptical. Unfortunately no data was obtained during this 
trial to test the validity of the assumption, although Madhloom (1973) shows 
a similar distribution, figure U.18.
Using the figure 1*.23 it is possible to evaluate the errors in s 
obtained from equations U.7 and U.8. Combining equations h»7 and U.8 and re­
arranging gives:-
T = s 7ID2 (1 + D ) ...--- ........____ U.12
v uv -j-  35
using the suffix v to denote that the vane axis is vertical.
From the equations lj..11 and'U.12 
c = s (1 + D/3H)
w  uv (1 h- 5s73h7
Denoting the error in s ^  due to anisotropy as ^  , i.e. c = 5 suv*
Then 5 = (1 + D/3H )
(1 + DS/3H)
This curve is given in figure for vane.s with n values of 1.5 and 2,
i.e., for the hand vane and the vane used in the other insitu vane shear tests.
The correcting factor, § must not be confused with the correction factor 
sugg^'ted by Bjerrum (1972). The former is merely to. correct the value of 
s^ measured by the vane for the effect of anisotropy, for tests taken with the 
vane axis vertical. Similar correction factors can be derived for other direct­
ions of the vane axis.
A quantative assessment of field anisotropy must be made before § can be 
evaluated. Bjerrum’s factoryW^ however is a factor applied to the vertical test, 
which varies depending on the geometry of the slip surface being considered. The 
values foryU^ are determined from laboratory tests on undisturbed samples.
As can be seen from Table U.10, some 60$ of the values of S obtained are 
outside the range given by Denness and Green, i.e., values of S less than 0.1.
The remaining values obtained vary between S = 0.15 and S = U.O, with the majority 
of values below unity. A number of physical explanations are possible for this 
variation.
The disturbance of the ground due to the excavation of the face, which was 
carried out by dragline, could be more severe than anticipated and the zone of 
disturbance could be deeper than the 0.7 metres assumed. Whilst every attempt
was made to test at a face as soon as possible after excavation, the contractual
• ( •
aspects of delays to the Works were a governing factor and some of the tests were 
carried out in faces that had been excavated the previous day. It is considered 
that these factors alone could have a significant effect on the test results,
particularly the latter, when some drainage of pore pressures could well have 
occurred, coupled with a considerable relief in overburden pressure.
Re-examination of figure U.23, for a torque ratio of 1, i.e. T = T^, 
yields S = 1, i.e. c = Considering awie such, that n = 1 .5* when
S = 0.1, i.e. c , = 0.1 c then T = 1.18 or T = 1*18 T, . It would appear3 uh uv v h
from this result, assuming -T and c^v remain constant, that for an 1Q% increase 
in a tenfold reduction in c ^  could be expected. Similarly when T = 0.5,
S = 10, thus for a 50% decrease in a tenfold increase in c ^  occurs. It 
would be interesting to carry out a carefully controlled test programme to 
investigate this point.
A further comment on the work by Denness and Green is that a basic 
assumption made is that at the instant of failure shearing occurs along the full 
surface area of the cylindrical surface and across the two endsj this is also 
a general assumption for all insitu vane analysis. In low strength alluvial 
deposits it could be argued that this type of failure does not occur and that 
possibly some more localised failure mechanism is set up. In this case the 
failure across the ends of the cylinders could be of minimal significance.
The vane blades rotating through a sector of a circle are more likely to 
produce a failure at the outer edges of that sector rather than over the full 
area.
Consider the case with the vane axis horizontal and ignore the contrib­
ution to the undrained shear strength from failure across the ends of the 
cylinder. Using the same elliptical stress distribution, then if failure 
occurs on less than the full cylindrical surface, it can be seen that the 
orientation of the vane blades could have a significant effect, as would the 
length of arc over which the failure surface occurs. Again it would be 
interesting if further research were carried out to investigate this aspect.
These factors, if they exist, could be an explanation for some of the 
variability in the results obtained.
To summarise, tests were carried out which establish anisotropy, but 
from the data it was not possible to-quantify the degree of anisotropy. Correc­
tion factors for the undrained vertical shear strength are derived for 
anisotropic behaviour, based on full shear action around the periphery of the 
vane. The possible affect on the results of insitu vane shear tests, of a 
failure occurring on less than the full periphery of the vane was examined.
It is interesting to note that Aas (1967) reports that for a normally 
consolidated Norwegian clay values of the shear strength ratio were between 1.5 
and 2, and were equal to approximately 1 where the clay was slightly over­
consolidated. In the instance of this trial the indications are that the
deposits are overconsolidated, even so the torque ratio varies between 0.67 
and 2.3. Anisotropy is also discussed by Scott and Hon-Iim Ko (1969).
2*.5 PERMEABILITY
2;.5.1 Site Investigation Results
During the site investigation a number of rising head tests were carried 
out in standpipe piezometers installed in certain boreholes. The results of 
these tests have already been given in Table I4..3 and Table U.11 shows laboratory 
permeability results.
It.5.2 Trial Embankment
In order to assess the consolidation characteristics of the material and 
the effects of loading, one of the aims of the trial was the measurement of 
permeability. As mentioned in Chapter 3 the choice of type of piezometer was 
closely related to the method of carrying out the measurement of insitu permeab­
ility. "Whilst the reasoning for the selection of the constant head method has 
already been discussed briefly in Chapter 3, it will now be discussed in more 
detail.
Hvorslev (195>1) discusses the advantages and limitations of basic time 
lag observations to determine permeability. These may be summarised as follows: 
Advantages:
(a) In theory basic time lag observations form a simple method for the 
determination of permeability.
Limitations:
(a) Hydrostatic time lag.
■(b) Stress adjustment time lag.
(c) Gas in system or in soil.
(d) Sedimentation and clogging.
(e) General instrument errors.
(f) Shape factor formula is empirical or approximate.
(g) Difficulty in measuring the size and shape of the sand filter.
(h) Disturbance of soil during installation of piezometer.
Schofield (1969) is concerned at the possible disturbance of the soil 
skeleton due to excess pressures being applied through the piezometer tip.
On consideration it was felt that the constant head test, applied to push- 
in piezometers was the most satisfactory solution. A number of authors,e.g., 
Al-Dhahir et al, (1969), Raymond and Azzouz (1969) support this view as far as 
the constant head test itself is concerned. Gibson (1969) suggests that 
the push-in type of piezometer may also solve a number of other problems; this 
point is also reiterated by Gibson's later work (Gibson 1970), and in private 
communications with Professor Gibson.
U.5*3 Test Procedure
In order to gain experience in carrying out permeability tests, two 
piezometers were installed outside the zone of influence of the trial embankment.
These were at depths of 2.65m and 6 metres respectively, the shallower being 
in the upper alluvium and the other within the lower alluvium. The permeability 
apparatus was the standard three burette type, in which the constant applied 
head is produced by mercury in a Bishop-type pot. Valves and taps allowed 
three individual tests to be carried out or alternatively combined the 
burettes for a single test. The flow was determined by the movements of 
paraffin/water interfaces. Two such units were installed and a connection 
between the two boards made as shown in figure 1+.25, which allowed up to six 
burettes to be connected to one piezometer, the size of each burette being 50 ml. 
The results were analysed after Gibson (1963, 1966 and 1970) by plotting flow 
rate Q against 1/ where t is time elapsed from commencement of the test.
In order to determine the maximum head that could be applied without 
causing disruption of the soil structure, a programme of testing was carried 
out in 1969* before measurements were made using the piezometers beneath the 
embankment area. A constant excess head rh f was applied for each test and this 
head was successively increased. The time periods over which the measurements 
were made were also varied in order to assess the minimum practical test period 
required.
It was apparent from the test results and the plots that there was a
critical head ftr 1 above which reliable values of permeability were no longer c
obtained, i.e., it became difficult to fit a straight line through all the points 
plotted. Nevertheless a straight line can be fitted to the later observations, 
figure i|.26, and if this is done then the intercept on the Q axis gives a value 
of permeability consistent with that obtained from tests at lower values of head. 
This would be in agreement with the predictions of the theory given by Gibson 
(1970), if the A value of the soil was less than and if the piezometer was 
installed in a sand pocket. Neither of these two conditions are in fact the 
case: laboratory tests show that A lies in the range of 0.6 to 0.9 and the piez­
ometer tips were pushed directly into the ground. Furthermore, Gibson remarks 
that in the case of inflow tests for a piezometer which has been forced into 
the ground it is likely that the flow rate is given by:-
Q (t) = li H  a  k An ( 1 + 1 ) ......... A .16
T k j r m
Where Q(t) is the volume rate of flow
a is the radius of a spherical piezometer
k is the permeability
A u  is the constant pressure above or below the ambient water
pressure In the soil
T is the time factor = c t
c is the coefficient of consolidation^v
t is time
and is the bbhc omt weight of water
and is independent of the true A value of the soil. Therefore, it seems that 
some other mechanism must be involved to explain the results. Similar curves 
have been reported by Wilkinson (1968) who attributed this affect to the 
presence of air or gas in the piezometer pocket, and in this case the piezom­
eter was placed in a sand pocket. However, it was considered that the possib­
ility of the presence of air in the vicinity of the push-in type of piezometer 
used at King’s. Lynn was remote. This assumption will be discussed in more 
detail later.
At this time it was not possible to investigate this feature further and 
an interim testing procedure for the trial embankment area was evolved which 
gave values for permeability in the minimum amount of time. This brevity was 
desirable in view of the large testing programme involved prior to construction 
of the embankment. The interim tests were carried out with the smallest excess 
applied head ’h ’ which produced readable flow rates and it was found that by 
terminating these tests after two hours, sufficient points were obtained to 
enable a straight line to be fitted. In order to analyse the results a computer 
program was written which calculated the flows, carried out a regression analysis 
and determined the permeability and coefficient of consolidation.
In 1970 additional tests were carried out using.the two piezometers out­
side the embankment area in order to investigate further the effects of excessive 
pressures and the recovery behaviour after application of such pressures. It 
had been observed in the initial test programme that if sufficient time was 
allowed after applying excessive pressures for full dissipation to occur, it was 
possible to carry out a repeat test at a lower head h < h  and obtain the same
• O'
values for the permeability as had previously been measured.
A careful analysis of the results of this second test programme was 
carried out. The applied excess head was increased after.each test had been 
completed and sufficient time was allowed between tests for full dissipation to 
occur before the commencement of the next. This testing sequence was carried 
out until the flow rate w;as such that the total available volume of water (15>0 
ml for a single board, or 300 ml for the two sets of apparatus coupled together), 
was used within the two hour test period. For the greater heads the analysis 
using the computer program gave an apparent negative ordinate intercept, on 
plotting the data the feature previously mentioned was again observed.
Whilst these separate series of tests were being carried out, the 
permeability of the soil beneath the embankment was being measured both before 
and at various time intervals after the construction of the embankment.
Typical permeability values obtained are given in figures it.27 to it.30. It 
can be seen that the repeatability of the value of permeability was good and 
as experience was gained with the test this repeatability improved. Later tests 
were made using a surveyor’s level to sight the burettes, thus improving the 
accuracy of the burette readings.
Figures U.27 to 1*.30 show that beneath the loaded area a decrease in the 
value of permeability of the order of $0% occurs within UO to 50 days after 
completion of the filling. Whilst the magnitude of this change could be con­
sidered to lie within the acceptable experimental error of the test method, it 
is considered that sufficient evidence was obtained to establish'a trend for 
such a reduction. Thereafter little change is evident in the value of permeab­
ility, although once again a trend can be seen to exist for a steady reduction 
with time, albeit at a slow rate, as might reasonably.have been anticipated.
In contrast to the latter trend, Bishop and Al-Dhahir (1969) report that for the 
alluvial deposits beneath the Fiddlers Ferry embankment a more marked drop in 
the value of permeability was observed with increases in effective stress.
It is considered that the initial decrease observed at King’s Lynn, 
could reasonably be attributed to some collapse of the rootlet structure within 
the alluvial deposits, previously described in Chapter 2. In general the 
results of the tests once again demonstrate the variability of the deposits.
h^.h Hydraulic Fracture and the Measurement of K
 _________    ._____ o
Bjerrum et al (1972) Introduced the concept of hydraulic fracture as a
source of serious errors in estimating the permeability of fine grained clay
soils. It is suggested that hydraulic fracture is the factor which accounts 
for a curve of the type shown in figure lw31. Taking the point at which the 
curve becomes tangential to the straight line as the point N, (N is the point 
at which stable flow conditions occur) it was observed that the position of N
on the straight line was dependent on the applied head and this is illustrated
in figure 1;.32.
Excessive heads will produce a crack, the direction of which depends on
the value of K (Bjerrum and Andersen 1972). The crack is vertical when K is o o
less than 1 and horizontal when Kq is greater than 1. The theoretical considerat­
ions of this phenomenon are dealt with in the two papers previously mentioned 
(Bjerrum et al, 1972 and Bjerrum and Andersen, 1972). Only the case of Kq less
than u n i t y  will be considered, for when it is greater than unity i t  is only 
possible to determine the overburden pressure. It is considered that the 
curved portion of the plot is produced by the actual formation of the crack.
When the point N is reached, the fracturing has achieved its maximum extent 
into the soil, although swelling of the clay on each side of the crack may 
have reduced its volume by a small amount. It is not possible from the test 
results obtained to measure the volume of the crack (or cracks) as water is 
flowing into the soil structure across the walls of the crack and from the 
piezometer into the unfractured zones during and after formation of the cracks.
To attempt to estimate the crack volume two approaches are possible: an Over­
estimate of the crack volume will be the total volume of the water flowing out of 
the piezometer from tQ (zero time) to t^ (the time at which point N occurs); 
an underestimate will be the volume equivalent to the area between the produced 
straight line and the curve, i.e., A N B figure U.31, where A and B are at tQ.
It is felt that the latter is the more likely to be an accurate assessment and 
although the principal conclusions follow whichever is closer to the truth, it 
will be assumed so in this context.
It is now possible from the results of a number of tests, to produce two
interesting curves. These are respectively excess head h against t^ and also
h against crack volume V . Combining these on one plot produces curves similar
to figure li.33. It is suggested that the point at which either of these curyes
intersects the applied excess head axis corresponds to the insitu lateral
stress, K p where p 1 is the effective overburden pressure, from which the 0 0 o
value of Kq can be found. It should perhaps be stated that the applied excess 
heads discussed in this context are effective applied heads. In the example shown 
for a piezometer at a depth of 6 metres the intercept is 2.58m of water which 
gives a K value of 0.6. Typical estimates of the crack volumes etc., are given 
in Table'll .12 and to give an indication of magnitude the volume of the piez­
ometer is approximately 13U ml.
As a check Bjerrumfs method of measurement of K was carried outo
(Bjerrum and Andersen 1972), except that the constant head apparatus was used 
with a modified test procedure. A head known to cause hydraulic fracture was 
applied and a normal constant head test carried out. Results were plotted 
during the test until the point N could be determined, i.e. until it was known 
that fracturing had ceased. The permeability board was then shut off and the 
rate of dissipation of the excess pressure was measured, i.e. a falling head 
test was performed. As the only volume of water flowing out of the piezometer 
is that displaced in the manometers due to head loss, the flow is directly 
proportional to dh/dt where dh is the excess head loss in time dt. Plotting 
excess head against dh/dt produces the curve shown in figure l|.3li, this plot
being of similar form to those given by Bjerrum and Andersen (1972). The 
point at which the crack closes corresponds to the value of Kqp ^, which is 
the point where the curve deviates from the straight portion of the plot.
The results of two such tests on the 6m depth piezometer are shown in figure 
U.3U. It can be seen that the values obtained namely 2.5m and 2.!j.3m correspond 
very well with the intercept obtained previously. The variation of the value 
of the insitu lateral Stress obtained can be attributed mainly to variations 
in water table level between tests.
Further corroboration of the values of K obtained by the constant heado ■
method is given by Wroth and Hughes (1973) who measured lateral stress directly; 
their results are shown in figure 1;.35 which is reproduced from their paper.
The site of the trial had been made available to J.M.O. Hughes, a post graduate 
student at Cambridge University, to develop a new instrument for insitu measure­
ments. This instrument measured the lateral stress by means of load cells.
The Kq profile obtained by this device, and shown in figure U.35* has been used 
to obtain the necessary Kq values for the various analyses carried out, except 
that for the upper strata a maximum value of Kq equal to unity was assumed.
Discussion on the two indirect methods of estimating Kq
Bjerrumf.s method produces the result in the shortest time, for it is 
possible to obtain all the necessary measurements in a single day. This method 
seems, however, to suffer from two disadvantages: in the initial stages the
dissipation of excess head is rapid and thus it is difficult to obtain accurate 
readings; also, as can be seen from the resulting plots obtained at Kingfs Lynn, 
it is difficult to obtain the precise point on the curve at which the cracks 
close (see figure U.3U).
The method introduced in this thesis enables a good assessment of the
value of KqPq to be obtained since the intercept of the t^ - applied excess
head plot is quite precise and can be confirmed from the V - excess head plot
c
when curves are drawn on the same axes (figure U.33). A further feature is 
that although, as can be seen from figure U.32, the values of 1/ ^t^ obtained
show a marked scatter, the resulting plot of t^ : h (figure U.33) enables a 
remarkably good fit to be obtained.
The principal disadvantage of the method is the number of tests that are 
necessary. Fortunately full dissipation of the excess head from the previous 
test usually occurs by the following day, as was the case with the King!s Lynn 
tests. Corrections may also have to be made to the test results for fluctuation 
of water table level.
If it should be found in other soils that Bjerrum and Andersen^ method 
gives a curve with a better *breakf point than that obtained at King fs Lynn 
or if there is insufficient time for a number of constant head tests, each at
a different head greater than the critical, then it is suggested that the 
modified test method described in this thesis does have an important advantage 
compared with the original procedure. The actual point at which hydraulic 
fracturing ceases, i.e. the N point, can be determined whilst the measurements 
are being made and thus a minimum volume of water is utilised.
h .5.5 Other Comments on the Insitu Measurement of Permeability
As mentioned previously, Wilkinson (1968) stated that he obtained curves 
similar to'figure-2*.32 from piezometers that had a short time previous to the 
testing been de-aired by the conventional method (Penman, 1956), and that it 
is conceivable that due to the relative sizes of the tip and sand pocket, the 
sand in the pocket was not effectively de-aired. However, it is suggested 
that hydraulic fracture occurred in this case and that there was a residual 
pressure at the tip due to possible high de-airing pressures. Thus the net 
excess head that was applied might not have been indicated by the manometer read­
ings at the time of the test. A similar effect was observed during one particular 
test at King*s Lynn when a head was applied to a piezometer, which did not give 
sufficient flow to enable accurate readings to be taken and the test was 
abandoned. Instead of allowing full dissipation to occur a greater head was 
applied, which proved satisfactory. The applied head indicated by the mano­
meter readings was of the order of 0.5m of water, which on subsequent analysis 
of the data gave an abnormally high value of permeability compared with previous 
measurements. By taking the initial manometer readings from the aborted test as 
the datum for calculating excess applied heads, a corrected value of about 1.5m 
of water was obtained, which gave a permeability of the same order as previous 
tests using the same piezometer tip.
The effects of installation methods
Table 2*.12 gives values of permeability, head, t^ and obtained from 
a number of tests on the piezometer at 6m depth. These values include results 
from the 1969 and 1970 programmes of testing and also from a recent series of 
confirmatory tests.
When hydraulic fracture occurs, the radius of the equivalent sphere,
(Gibson 1963), will increase due to the size of the cracks formed, but owing 
to the difficulty in assessing the equivalent radius, the values of permeability 
in Table i;. 12 have been calculated assuming that there is no change in equivalent 
sphere radius. Now should the radius have been corrected, the appropriate 
value of permeability calculated from
fc = Qo° .......................  *n 17
Ij. ah
Where Q o o  = flow rate at t = °°
i.e., the Intercept of the straight line 
h = excess applied head
would have been lower than those given in Table 1*. 12.
During the process of pushing the piezometer into its final position a 
certain amount of smear can occur and the soil in the immediate vicinity of 
the piezometer tip will be displaced. Both of these factors can affect the 
permeability of the soil in a zone adjacent to the piezometer. Landau (1966) 
discusses this effect in relation to the construction of sand drains. If there 
was a zone of lower permeability around the tip then the permeability calculated 
from the results before hydraulic fracture occurred would be lower than that 
after hydraulic fracture, as the cracking would allow flow to occur from 
undisturbed zones. The inference to be drawn from the results given in Table 
lu12 is that in the soils at Kingfs Lynn the effects of disturbance on the
measured values of permeability are minimal, and lie within the experimental
error of the constant head method.
Computer Program
As mentioned earlier a computer program has been written to analyse the 
results. Two versions of the program have been written. The original version 
calculates flow rates and carries out a linear regression on the results giving 
the intercept, slope and also the coefficient of regression; values for 
permeability and coefficient of consolidation are then calculated. The second 
version, written recently and still being tested, uses Chauvenet's criterion for 
the rejection of points which lie outside certain limits during the regression 
analysis. This program will allow for the calculation of permeability when 
hydraulic fracture has occurred, the initial points lying on the curved portion 
of the plot being discounted, of course, in the process of fitting a straight 
line to the test results.
I4..5.6 The Determination of the Coefficient of Consolidation from the Insitu
Constant Head Permeability Test ___________ ________
Figures 1;.27 and lj..28 show values of the coefficient of consolidation 
obtained from the slope of the straight line fitted to data on the Q : 1/ y 
plot. This was obtained using the expression derived by Gibson (1963), which 
has already been given as equation U . 16. In addition Table 1*. 12 includes the 
slopes of the straight lines fitted to sets of data for tests carried out through
a single piezometer tip. From th<is^data, particularly that in Table 1;.12, 
it can be seen that the results are very variable and that the slope varies 
from 0.02 to 3.1;. This variability has been noted by others, e.g.,
Raymond and Azzouz (1969) and it is thus concluded that the use of this test 
as a means of obtaining the coefficient of consolidation is insufficiently 
reliable. It is suggested that the indirect method:
cv k    b. 18
m $v vw
is more applicable as the repeatability of the value of permeability is good, 
as can be seen from Table 1;.12 where the range of k is from 0.015 to 0.027 
m/year, this range is considered to be within the experimental accuracy of the 
test method.
h. 6 CONCLUSIONS
The major findings and conclusions of this chapter may be summarised as
follows:-
(a) The alluvial material falls within the CH zone of the Casagrande 
plasticity chart, i.e., inorganic clays of high plasticity, fat clays; 
although some samples, particularly of the lower alluvium, contain peat 
inclusions and borehole logs show the presence of clayey silt layers.
(b) From the Atterberg limits and insitu vane test results it appears that 
the alluviums exhibit lightly overconsolidated characteristics with an 
indicated overconsolidation ratio lying within the range of 1 to 1;.
'.■(c) The site investigation results showed the materials were so variable
that the parameters obtained should generally be applied over only a 
relatively small area.
■(d) The results of the consolidated undrained triaxial tests with pore water
pressure measurements, when plotted on a p f - q f diagram, show that the 
mean values of c* and for the peat, upper and lower alluviums were 
1;.8 fcN/m^  and 31° 201 respectively. That is the peat characteristics 
were identical to those of the alluviums in this test.
(e) The increase in undrained strength, due to pore water dissipation, was
shown to be of the order of 2%% for the softer layers, although the 
percentage increase tended to decrease with increasing shear strength of 
the materials.
(f) The alluvium was shown to be anisotropic from the results of insitu vane
tests taken with the vane axis horizontal and vertical. Madhloom (1973) 
also showed anisotropic behaviour from a series of triaxial and shear box 
tests.
(g) It was deduced that errors could occur in the reportedrane test results
due to anisotropy and the actual failure mechanism of thie soil around 
the vane. Magnitudes for these errors were evolved, those due to anisot­
ropy are shown in figure i;.21;. It was suggested that further investigation 
of the failure mechanism of vanes was required.
(h) A trend for a reduction in the value of permeability of approximately %0%
was established, occurring within no more than I;0 to 5>0 days after
completion of filling. It is considered that this reduction can be
attributed to a collapse of the rootlet structure.
(i) After the above initial decrease in the value of permeability, a
further trend for a reduction, at a much slower rate, was observed.
(j) The measurement of permeability by the constant head test method was
shown to have a good degree of repeatability, and variations in the 
values obtained were considered to lie within the experimental accuracy 
of the method.
(k) A method of measuring insitu thexalues of Kq was presented using a
series of constant head permeability tests, each test being carried out 
at a different head greater than a critical value. The method relies 
on the phenomenon known as hydraulic fracture.
(l) The direct measurement of the coefficient of consolidation by the
constant head test was shown to be not feasible due to considerable 
variation in the relevant data obtained.
It would appear that of the foregoing conclusions the factor that could 
have some considerable significance is the possible error in measured vane 
strength. An increase or decrease in the value of the true shear strength could 
be of major significance when the stability of an applied embankment is being 
considered. Any increase or decrease in shear strength would also of course 
mean a comparable change in the value of the overconsolidation ratio that has 
been deduced.
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I’crm'-aM1.1 tv r / ' ’•par mv
C rtq 
V ' vZyear
. Remarksrest
1-Vt.r.-’: 1 ft Tf»rt 2nd Average • sq m/K! A* H*
7.0 to 7.6, Colt to firm grey very clayey SILT 
uith vertical roots.
0 .0 6 0.08 0.07 0.75 9 .2 ? b .65
5.8 to 6.b Soft to firm grc-v clayey 3TLT with 
a little fine sand. ’
•0.57 0.52 0.55 0.61 91.0 b5.2
b .6 to 5«b Soft to firm grey silty CLAY 0.08 0.18 0.13 0.79 16.7 6.97
Uc9 to 5.5 Pirn grey silty CLAY with decomposed 
vertical rootlets.
0.21 0.b2 0.32 1.b5 22.3 5.5?
2.9 to 3.5 Soft to firm grey brown organic clayey 
SILT.
1.6b • 0.56 297.3 1U8.6*.
2.b to 3.0 Brown clayey SILT with grey silt in 
very fine fissures.
7.58 7.26 7.b2 0.37 2Cbb 1022
3.0 to 3.7 Soft grey brown silty CLAY with 
deconposed vertical roots.
2.18 2.87 2.53 1.b9 176.5 b3.7
2.b to 3.0 Soft to firm gray brown silty CLAY with 
partially deconposed roots.
0.82 1.1b 0.98 1.b9 69.7 17.7
3.b to b.O Dark brown PEA? 1.29 1.26 1.27 2.80 b6.5 9.29
b.6 to 5.2 Soft grey silty CLAY with deconposed 
vertical roots.
0.11 0.07 0.09 1 .bO 6.50 1.67
b .6 to 6.9 Soft gray silty CLAY with deconposed 
vertical roots.
0.13 0.33 0.23 1.31 17.? b.18 Cbservati cn 
well
2.1 to 2.7 Sort grey silty CLAY with deconposed 
vertical roots.
1.6b 1.6b 1.6b 1.b9 111.5 27.9
b.6 to 5.2 Soft grey CIAY with decomposed vert­
ical -roots.
0.1b 0.08 0.11 1.35 8.36 2.Cb
b.O to 7*0 Grey very Silty fine SAND 25.27 25.27 25.27 0.37 69 6S 3b37 Cbservatd on 
well
3.U to b.O Soft grey organic silty CLAY with 
sard gravel and roots.
0 .2 7 0.22 0.25 0.93 26.9 11.2
1.5 to 2.1 Silty fine SAND with layers of silty 
clay.
27.16 21.79 2b.be 0.37 6782 33bb
3.0 to 3.7 Soft grey silty CLAY with decomposed 
vertical rootlets.
L .11 IJ18 2.81 1JL9 195.1 b6.8
.3.0 to 3.7 Dark brown PEAT 1.29 2.b9v 
5.68 <
3.16 1.86 167.2 16.7 • *
2 Jt to 3.0 
2 J i to 3.0
2.0 to 2.6
Dark brown PEAT
Medium dense brewn green silty fine
d£»i<D •
>fed?un dense light brown silty fine 
SAND.
*A refers to cv under overburden pressur
0.5b
18.63
21.16
e.
0.57 0.55 1.86 30.7 3.07
Falling he a' 
Falling heat
9 2 '■ 
*B refers to c under overburden pressure plus 107 kN/m (Estimated from corresponding changes ■?v> CV
in the Oedoneter under an increment of 107 kb'Af
(1 ton/sc 
1
.. ft.)).
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FIELD PERMEABILITY TESTS 
(Rising Head)
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n L.L. P.L-. koad0kN/m"
Csec
36/5 3.66 ^25 307 126 53.6 0.0153
!» 3.66 ^2 5 307 , 126 1 0 7 .3 O • 0
5 1 /6 2.59 379 630 367 107.3 0.015
2 8 /1 0 4.45 Peat 437 644 348 107.3 0.023
44/4 3.54 461 260 171 107.3 0.041
53/5H 2 .1 3 311 403 209 107.3 0 .0 2 2 5
52/6H 1.83 390 576 340 107.3 0 .0 1 8 7
39/6 5.03 Organic and Peaty CLAYS 80 96 42 107.3 0 .0 1 1 2
4 9A/ 5 3 .6 6 42 39 17 53.6 0.0039
32/14 6 .5 5 67 64 31 107.3 0 .0 0 6 0
46/2 1.83 58 71 -27 1 0 7 .3 0.0052
4.7/2 1 .6 8 Clay with rootlets 58 78 24 107.3 0.0048
49B/6 3 .8 1 49 73 32 ' 214.6 0.0071
5 0(1 0") 3.96
to
4.42
76 89 35 53.6 0.0117
18/13 9.45 50 148 61 107.3 0.0071
19/8 4.88 53 60 22 107.3 0.0069
19/14 7.92 85 150 52 107.3 0.0027
24/5 3.51 40 4.5 21 107.3 0.0041
24/9 6.55 Si 1ty Clays 4 3 49 25 107.3 0.0032
29/21V 11.58 42 6 3 25 107.3 0.0023
29/2IH 1 1 .5 8 4 4' 6 3 25 107.3 0 .0 0 1 7 8
30/16H 8.23 31 54 0*71 214.6 0 .0 0 3 2
39/3 2.44 50 83  ^I 107.3 0.0037
04/6 4.72 39 39 20 107.3 0.0056
0 6 /1 1 6.55 40 38 23 53.6 0.0040
16/8V 6.55 Silt 36 36 18 107.3 0 .0 0 2
3 0 /8 4.11 35 40 22 107.3 0 .0 0 2 2
sec for the purposes of this report has been taken as the
compression per secondary log cycle per unit of original 
thickness under the overburden pressure,
SECONDARY CONSOLIDATION CHARACTERISTICS
TABLE 4 *5
Borehole/ 
Sample No.
Sample Description c okN/m 6-
C *
kN/m2
Soil Type
105/1* Soft black silty clay together 
with compact fine grey very silty 
sand.
31 1l*° Estuarine
118/15 Soft to firm grey organic silty 
clay
11*. 11*° L e A .
131/1 Soft grey organic clay 2 13.-5° L.A.
11*1/9- Soft grey brown very silty clay 
with peat inclusions
.'11* 8° L.A.
11*9/3 Soft to firm brown slightly organic 
clayey and fine sandy silt
19 10° U.A.
1U9E/UB Grey compact laminated sandy silt 
and silty sand
28 31*° U.A.
1U9B/7 Soft to firm grey very silty clay 
with occasional vertical rootlets
12 15° U.A.
150A/16 Soft grey organic silty clay h 10° L.A.
153A Black fibrous peat 7 25° P
106E/12 Soft grey slightly clayey fine 
sandy silt
. i* 33.5° Estuarine
116/10 Very soft grey clayey silt o 32.5 L .A.
12U/7 Soft grey very silty clay 0 1*0 L .A *
126/6 Soft grey fissured very silty 
clay very soft, black peaty 
pockets and occasional shells
0 33 U.A.
,126/9 Firm amorphous peat 10 i*3°;; p
126/15 Fine grey slightly silty clay 
with peat inclusions
m
oOsCM L.A.
127A Soft grey sHty clay with decom­
posed rootlets
0 30° L .A •
128/12 Soft grey silty peaty clay 0 31.5° L .A.
129/8 Firm brown fissured silty clay 7
OCM U.A.
139/3 Soft to firm light brown silty 
clay with some vegetable matter 
and occasional very fine sandy 
partings
0 28 UoA.
150B/8 Dark Brown peat 6 1*2° P
Keys U.A. = Upper Alluvial
P *» Peat
L.A. = Lower Alluvial
TRIAXIAL RESULTS FROM SITE INVESTIGATION
TABLE 4 .6
iample
No. Description
Depth
M3tres
Average
Density
kg/n ?
Initial
Moisture
Content
• %
c*
kN/m2
Soil
Type
1/6 Soft peaty silty clay 2 M 1635 60 6 2k U.A.
1/10 Soft silty clay, traces of 
peat
U.50 155b 7 22.5 L .A.
2/3 Firm silty clay with small 
sand pockets
1.07 1875 88 7 29.5 U.A.
2 /h Soft silty clay, traces of 
organic matter
1.83 1666 69 3 31.5 U.A.
2/7 Firm organic peat 3.12 1 oUi 399 12 31 P
2/10 Soft silty clay with peat 
inclusions.
U.3U 155U 7 6 2 33
<
TRIAXIAL RESULTS FROM SITE OF TRIAL EMBANKMENT 
TABLE 4*7
Borehole/ 
Sample No.
TEST A TEST B TEST C
Cell
Pressure
RN/ m
Af1 Af2
Cell
Pressure
kN/m^
Afr Af2
Cell
Pressure
kN/ m2
Afr Af2
'ial Embankment
1/6 U.A. 8.3 0.09 0.09 75.8 0.51 0.5 135.8 0.38 0.37
1/10 L.A. 13.1 0.02 0.02 86.9 0.79 0.77 11*6.9 0.35 0.31*
2/3 U.A. -0.28 -0.27 68.3 0.16 0.16 128.2 0.06 0.06
2/1* U.A. 6.9 0.03 0.03 73.1 0.88 0.8? 133.1 0.56 0.55
2/7 Peat 7.6 0.01 0.01 81 J* 1.02 1.00 11*1.3 1.1*2 1.39
2/10 L.A. 1l*.5 0.1*8 0.1*6 88.9 1.06 1.03 11*8.9 0.1*7 0.1*6
tin Site Investsnation
06E/12 U.A. 165.5 0.51 199.9 1.09 268.9 1.10
16/10 L.A. 96.5 0.23 131 0.75 268.9 0.33
2ii/7 L.A. 31*.5 0.56 68.9 0,88 137.9 1.06
26/6 U.A. 3i*.5 0.13 68.9 0.U6 137.9 0.21
26/9 Peat 3i*.5 0.58 68.9 0.67 137.9 0,38
26/19 1 «A. 3l*.5 0.1*8 68.9 0.68 137.9 0.92
27/11* L.A. 31*. 5 0.3 68.9 0.78 137.9 0.9
28/12 L.A. 3l*.5 0.36 68.9 1.00 137.9 1.22
29/8 U.A. 3l*.5 0.2 68.9 0.16 137.9 0.1*3
39/3 U.A. 165.5 0.27 199.9 0.72 268.9 0.99
50B/8 Peat 96.5 0.71 131 1.23 165.5 0.88
otes: 1, U.A, « Upper Alluvium
2. L.A, - Lower Alluvium
3. Af^ calculated from equation i*.l*
1*• calculated from equation 1*.5 using the value of B obtained
in the triaxial consolidated undrained test with pore 
pressure measurements.
PORE PRESSURE COEFFICIENT Af 
TABLE 4*8
T y p e  o f  T e s t O R I E N T  A T  I O N
A v e  S t r e n g t h  
k N  / s q ,  m
S t r e n g t h
R a t i o
■ • -
(t-i
s
C O
C O
w
f t
f V
V e r t i c a l 1 7 . 0 4 1 . 0 0
L 
T
E
S
T
I n c l i n e d  a t  
4 5 °  a n d  5 6 °
1 9 . 7 6  
2 0 .  0 7
1 . 1 5
1 . 1 7
r = 5
O
O < J > H o r i z o n t a l 1 8 . 8 0 1 . 1 0  ,
< 
: » - c
X  
* < 8
- j ) -
V e r t i c a l 1 0 . 7 8 0 . 6 3
.
&  . g
W
I n c l i n e d  a t  . 
&  4 5 °
9 . 0 9 0 .  5 3
W
H o r i z o n t a l 1 0 . 2 2 0 . 5 9
D I R E C T
1
V e r t i c a l 2 4 . 7 8 1 . 4 5
S H E A R
B O X
I n c l i n e d  a t  
5 6 °
3 1 . 8 2 1 . 8 6
t
T E S T
H  1  1
- 1  V
H o r i z o n t a l 3 0 . 4 5 1 . 7 8
i n
V e r t i c a l 1 8 .  0 0 1 . 0 5
> i N s r r u
' i
V A N E
T E S T
1
I n c l i n e d  a t  
Y  4 5 °
i
-
• • V
r h
L - J L i
i
H o r i z o n t a l
%
-
•
V a l u e s  o f  S t r e n g t h  R a t i o  R e l a t e d  t o  T r i a x i a l  C o m p r e s s i o n
f o r  D i f f e r e n t  T y p e s  o f  T e s t s .
' This. Table is reproduced from Madhloom (1975) *
"  n  -■ ' . * f ■ -
TABLE 4.9
0. i 2 •
- -- T
u ? 6 i 7! 8
9 10 11 12
Alluvium : j . 7? inch diameter vane:
jntal 22.02/
23.9b 33.03
1x6.92 ?2 .19 66.?? 30,30 1x0.22 36.1? 25. lh 31.60 23.9’x 2u .1x2
ul 2 3 .9 b /25 .86 33.03 31 .60 lx?.00 76.61
68.10/
76.61 80.1xlx 7lx c21 ?0.8? 52. ?7 61.29 90.27
! Ratio T 1.17/ 1.08
1 0.67 0.86 1.1? 2.3/2.0 2.0 2.0? 2.02 1.66 2.?6
2.0?
ropy S 0 .15/
■0.38 1
3.6 1.9 0.28 <0.1 <0.1 <0.1 <  0.1 <0.1 <0.1 <  0.1
Alluvium : .3 inch diameter vane:
ntal 18.77 21.02 23 .h6 22.51 L L L L I L 2)x.? L
cal 21.79 13.79/ 13.h .
L L L L L L L L L L
e Ratio T 1.16 0.66/0.6b - ■ - - - - . - - -
-
tropy S 0 .2 5 3.5/ lx.O - - - ' - - - - -
-
Alluvium : 0,75 inch diameter vane:
ontal 19.1? 26.81 33.1x2 31.36 28.1x9 1x3.33 31.60 31.36 28.25 21 .Ix? 2lx.lx2 23.89
.cal 29.1x5 31.36 LL .53 1:2.8? 1x8.81x 57.93 51.23 39.7ix 38.30 30.16 28.68 2lx.lx2
e Ratio T 1.& 1.17 1.33 1.37 1.71 1.33 1.62 1.26 1.36 1.1x1 1.17 1.02
tropy S 0.1 0.1? <0.1 <  0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <  0.1 0.15 •0.9
Alluvium : .3 inch diameter vane:
ontal 19.39 16.1? 21.02 2U.66 L L L 28.72 L 28.72 21.07 28.2lx
cal 19.63 L L L L L L L L L L L
e Ratio T 1.01 - - - - - - - - - - '
■ropy S 0.9? - - - - -
'
- - - - ■ - -
NOTES: Horizontal indicates that the vane axis is horizontal s , uh = Th 
K
(A/ r.2)
Vertical indicates that the vane axis is vertical (T<N/m2)
Where s ^  = undrained vane strength horizontal
sw  = un drained vane strength vertical
Tjj horizontal torque for failure
Tv * vertical torque for failure
Torque ratio T 
Anisotropy S
TA
'uh
uv
Where c ^  is the horizontal undrained shear strength 
c is the vertical undrained shear strength.
L indicates a value outside the range of the apparatus.
COMPARISON OF INSITU VANE MEASUREMENTS TAKEN VERTICALLY AND HORIZONTALLY
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CHAPTER 5
PORE WATER PRESSURES
The data obtained from the piezometric installation are presented in 
this Chapter. The readings taken on each section prior to filling the 
embankment are discussed. Then follow the measurements taken during filling 
and the failure of Section 2, with notes on the behaviour of the piezometers 
during the failure. The readings obtained after filling are discussed 
together with some observations on the information that can be obtained from 
the data.
In order to assist the analysis of the piezometric data a simple suite 
of programs was written for an English Electric U :30 computer. Each set of 
piezometer readings for individual sections was identified by run numbers. These 
run numbers were related to each section as follows
Section 1 - undrained, control - Series 1000
Section 2 - failure section - Series 2000
Sets of readings were taken at various times during the day or at certain stages 
of filling and during the failure. It is convenient during this Chapter and 
subsequent ones to make use of these run numbers to identify certain data.
The unit of time used was the day and in order to identify time periods, 
day numbers were used to simplify time calculations. Day 1 was taken arbitrarily 
as the 2l*th November, 1969, this being the day after the commissioning of the 
piezometers on the drained leg had been completed. Filling on Sections 3 and 
1; commenced on day no. 13 and was completed on day no. 29. Sections 1 and 2 were 
filled between days h3 and 53, failure occurring on day 5U.
Section 3^ 
Section i;
drained sections ( Series 3000 
Series lj.000
In order to ensure that the piezometric installation was functioning 
correctly and in an attempt to establish a correlation between the pore water 
pressures measured in the trial embankment area and those measured at the 
standpipe piezometers adjacent to the gauge house, it was intended that read­
ings should be taken for a period of at least fourteen days nrior to filling. 
Unfortunately,for a number of reasons this was not achieved on Sections 3 and h 
which were monitored for only twelve days. Section 1 was monitored for a 
period of sixteen days after repairing damage due to frozen leads, whilst for 
Section 2 piezometer readings were taken over a period of twenty six days.
It was considered that the pore water pressures set up during instal­
lation had been fully dissipated by the time the system had been commissioned: a 
minimum of eight weeks had by then elapsed after installing the piezometer tips 
in the boreholes.
Typical curves of piezometric levels obtained during the pre-filling 
period are shown plotted against time in figures 5.1 to 5*3. These figures 
correspond to data from the upper alluvium, peat and lower alluvium respectively. 
The respective piezometric levels as obtained from the appropriate standpipe 
piezometer are also plotted. (Note, that for clarity in figures 5.1 and 5*3, 
the standpipe plot has been displaced downwards). Similar plots were drawn out 
for each piezometer to a much larger scale and from these it was evident that 
it was not possible to establish a correlation between the standpipe level*' 
and piezometer level. Examination of the values of piezometric level for the 
three basic layers previously described, obtained during the pre-filling period, 
revealed a considerable fluctuation in shape and elevation of the piezometric 
level over the whole site. Such fluctuations were not generally reflected by 
the variation in standpipe levels. It is considered that this variation in 
piezometric level is mainly due to the variable nature of the deposits and the 
general low permeabilities of the material. The variation is more evident in 
the upper alluvium and the peat, and tends to amplify the poor drainage charact­
eristics of these deposits, both in the vertical and horizontal planes. 
Unfortunately, due to problems in obtaining suitable undisturbed samples, no 
tests were carried out to measure permeability specifically in either a horiz­
ontal or vertical direction$ the 10 inch oedometer tests were carried out on 
samples some considerable distance from the site of the trial. The constant 
head tests, described in Chapter ij., are a "global" type of test resulting in a 
maximum value of permeability being obtained irrespective of direction.
* In order to differentiate between piezometric readings taken beneath the 
embankment and those adjacent to the gauge house which are outside the zone 
of influence of the embankment, the term "standpipe level" will be used to 
indicate the readings of the three observational wells adjacent to the gauge 
house $ "piezometric level" will be used to describe the data from beneath 
the trial embankment.
A further factor which affects the correlation between the standpipe 
measurements and the other piezometric data is the considerable difference in 
response time between the standpipe type and the remainder of the piezometers. 
Response time is dealt with in the next section for the main piezometric 
installation. However, it is sufficient to point out the considerable differ­
ence in volume change required to show the same pressure change increment in 
the two basic systems. Compared with the twin-tube type, the standpipe piez­
ometers have either to take in or dissipate a relatively large volume of water 
to show any pressure increment. This disadvantage is primarily due to the 
considerable difference between the cross sectional area of the access tubes 
and the twin tube system.
Whilst for the reasons given above, it was not possible to obtain a true 
correlation between "standpipe levels" and "piezometric levels" prior to load­
ing, sufficient data does exist to establish a trend. It was noted that 
changes in "piezometric levels" generally showed the.same trend as changes in 
the appropriate "standpipe level". It is, therefore, considered that if a 
correction should be necessary to the "piezometric levels" obtained during 
and after filling, then the best approximation would be the change in approp­
riate "standpipe level" during the time interval under consideration. It 
should perhaps be reiterated that this correction can only be considered as 
approximate and should be applied with a certain amount of caution.
A number of hand auger holes were left open at various positions within 
the site. After some considerable time had been allowed to elapse to ensure 
that equalisation had occurred, these auger holes were also found to show a 
variation in standing water level. In fact one hole extending into the lower 
alluvium remained dry for many months.
5 .2  FILLING
5.2.1 Response Time of Piezometric System
Calculations for the response time, or time lag, were made using both
Gibson!s (1963) and Hvorslev’s (1950 methods, (See Appendix 1), the results
are summarised in Table 5-1 •
On completion of filling at the end of each working day, several sets 
of readings were taken to establish the peak pore water pressures. It was 
found that a peak was recorded approximately half an hour after filling had 
ceased, for both alluviums and the peat. Thus for the alluviums the calculated 
values of time lag are in good agreement, particularly when the degree of 
accuracy in measuring the peak pore water pressures is considered. The mano­
meters used were graduated in increments of 0.05m head of water and difficulties 
were found in reading the limbs to an overall accuracy greater than about 0.025m 
head of water. A check was made on the apparent lengths of the mercury columns 
as recorded over several readings. It was found that these lengths varied 
between readings on occasions by as much as 0.05m, although normally the range 
of variation did not exceed 0.03m. It was noted that the variation was also a 
function of the observer’s identity. A further factor that affects the check­
ing of the response time is that some dissipation is occurring both during the 
time lag period and during the time taken to read a bank of manometers. It
took on average ten minutes to read and log the readings for each instrument
bank. On this basis it is considered that an equalisation ratio, of the order 
of is all that might be recorded during field measurements.
In the case of the peat where it would appear that the time lag calcul­
ations bear no relation to the time lag measured in the field, some additional 
feature must affect the.result. Gibson’s (1963) method is based on the use of 
laboratory derived parameters. It was noted that greatest variation of any 
particular parameter occurred in the peat and thus an erroneous value may have 
been used in the calculation. Hvorslev’s '(1951) method where the only para­
meter used that could be variable is the permeability is in general agreement 
with Gibson’s. Subsequent observations showed that the peat behaves in a 
manner more compatible with the alluvial deposits and does not exhibit the 
behaviour normally associated with peat. This phenomenon will be discussed in 
following chapters, and has already been touched upon in Chapter k»
5«2.2 Well Point Measurements
These, as may be recalled, were standpipe piezometers installed within 
the fill to check the efficiency of the drainage blanket. Four were installed 
on each section. During filling of Sections 3 and h, these piezometers, which
were installed approximately 500 mm above the drainage blanket, remained dry 
indicating that the drainage layer was in all probability carrying out its 
intended function. In order to check this it was decided that one of the 
four well points on each of the other two Sections, (1 and 2), would be 
installed with the porous element within the drainage blanket. As filling 
proceeded, these two standpipes were the only ones in which water was 
detected. The exposed faces of the drainage layer at the toes of the embank­
ment were frequently examined for signs of water but without success. However 
during the main works for the bypass, the nominal single sized material spec­
ified for the drainage blanket, i.e., similar to that used for the trial, was 
in short supply and the Contractor was permitted to use as an alternative 
naturally graded coarse sand and gravel. When filling above this material took 
place, water was seen to issue freely from it. It is considered that the
volume of water expelled from the substrata was insufficient to fill the voids 
in the single sized stone but was more than sufficient to fill the voids in the 
finer material.
5.2.3 Fiezometrie Data
During the period over which the fill was being placed for the embank­
ment readings of the piezometric system were generally taken first thing each 
morning before filling commenced and in the evening after completion of each 
day’s fill. As mentioned previously several sets of readings were initially 
taken each evening to measure the time lag. However after this parameter had 
been established, only single evening manometer readings were taken approxim - 
ately half an hour after completion of filling. This frequency of readings 
was increased as the various sections were approaching their ultimate height 
of fill. In the case of the failure sections, a much greater frequency was 
established particularly as the anticipated failure height was approached. 
Typical values of excess pore water pressure plotted against time obtained for 
each section are given in figures 5.U to 5.10. Also included in these figures
is a plot of mean fill height against time, and the settlement time plot.
Corrections have not been made to the depths of fill shown for settlement or
to the excess pore water pressures for fluctuations in the water table level.
In order to give the order of magnitude of the fluctuations in the standpipe 
level during the same time period, these have been shown in figure 5.11.
The decision to fill the two legs of the embankment sequentially rather 
than concurrently allowed more time for monitoring the failure section.
During filling data from selected peizometers were analysed manually and the 
piezometric level relative to the gauge datum was calculated and plotted 
against time. Particular attention was paid to these plots to establish any 
piezometers that were showing any sudden rises in pressure$ such rises would
indicate that unstable conditions Were developing, but no such rises were 
detected at this stage.
On subsequent plotting of the data from the failure section (figure 
5-12) it was noted that some piezometers adjacent to the deduced slip zone 
showed a peak value followed by a drop in recorded pore water pressure. On 
inspection this peak value was found to have occurred at different times 
along the deduced slip surface. It is therefore considered that thg.sc.data 
could be taken as illustrating the development of a progressive failure mech­
anism. Peak excess pore water pressures were indicated prior to failure in 
the region of the centre of the loaded area. Maximum pore water pressures 
indicated by piezometer 223 occurred at or slightly after failure,with those 
shown by piezometer 228 peaking after major movement had taken place, but 
whilst further movements were happening. These movements occurred for several 
days after the major ones took place. Piezometers 230 and 23U, which are not 
shown in figure 5.12 for clarity, gave peak values of excess pore water 
pressure at about 0925 hours on day 59 and 02U5 hours on day 5^, respectively. 
Unfortunately piezometer 233 became unserviceable at.failure. Readings of 
piezometers 218 and perhaps 217 at the time of failure could be considered 
suspect as these too became unserviceable soon after the major movements had 
occurred. The behaviour of the piezometric system when various instruments 
became unserviceable due to the failure has already been described in Chapter 
3. The major feature of this behaviour was an apparent rapid fluctuation in 
the pore water pressures indicated by the manometers.
5.3 PORE WATER PRESSURE DISSIPATION
On completion of filling on each section measurements of pore water 
pressures were continued daily at first and then at increasing time intervals 
over the next two years. The readings ceased when the construction of the 
main works necessitated the removal of part of the trial embankment. Typical 
dissipation curves are given for each section in figures 5.13 to 5.18. Once 
again the curves given have not been corrected for water table fluctuations, 
the changes in level recorded by the standpipes are shown in figure 5.19.
Figures 5.20 to 5.23 show the typical percentage dissipation of excess 
pore water pressure at various time intervals on vertical sections beneath 
the embankment. Inspection of these curves reveals a considerable variation 
in the behaviour of the various sections of the trial, and even within the 
same section. The drainage trend shown in figure 5.20a appears to be upwards 
whilst on the same section, figure 5.20b indicates a trend for downward 
drainage. Figure 5.21 shows drainage in both directions with a greater up­
ward flow, although in this case the peak pore water pressure zone is in the 
peat layer. The two other figures present data for the two drained sections 
and again the variable nature of the drainage characteristics is demonstrated.
Comparison of the dissipation patterns with the consolidation curves 
given by Taylor (19U8), page 235, for a uniform initial hydrostatic pore 
water pressure and by Lambe and Whitman (1969), page Ul 3, for a triangular 
initial hydrostatic pore water pressure, enables an assessment of the time 
factor, T, to be made. It is apparent from figures 5.20 to 5.23 (and 5.^1 to 
5,kh)that the actual conditions pertaining on site are closer to the tri­
angular distribution than the uniform initial condition. Values of T assessed 
from the two references are given in Table 5.2. These values are considered 
to give upper and lower bounds for T.
It'is perhaps worth noting that the dissipation curves, figures 5.20 
to 5.23, do not in general show any marked discontinuities in the vicinity 
of the peat. It is considered that this demonstrates that the behaviour of 
the peat and alluviums are similar.
5.U FORE PRESSURE PREDICTIONS
It may be considered desirable to investigate the stability of an 
embankment prior to its construction by an effective stress analysis. In 
order to do this, it is necessary to be able to predict pore water pressures 
under specific loading conditions. The stability analysis aspect will be 
discussed in Chapter 8, in this section pore water pressure prediction only 
is being considered.
It would appear from the available literature that very few methods 
are at present available. The accurate prediction of pore pressures beneath 
a loaded area, such as an embankment, as increments of load are applied could
form a useful means of control during construction. Margason and Symons (1969)
describe a method in which pore water pressures are predicted from which 
control charts are produced based on either a circular or a non-circular stab­
ility analysis.
Methods of pore water pressure prediction investigated were Lambe 
(1962) Margason and Symons (1969) and Burland (1971). Each author utilises 
the analysis given by Jurgenson (193k) to obtain the probable stress distrib­
ution beneath a loaded area. Lambe applies the stress distribution to 
Skempton's (19I18) expression for the relationship between the pore pressure 
change 321 an element of saturated clay and the changes in total stress, viz :-
A u  Ao^ + A ( A  cr'^  -  A  cr^ ) ........ .... .. . 5.3
Where Au is the pore water pressure increment.
AO^ & A(7x are the major and minor total principal stress 
increments.
A is the pore pressure coefficient.
Both Margason and Symons, and Burland however, base their predictions 
on the estimation of vertical or vertical and horizontal stresses. Figures 
5.2lj. and 5.25 show the distribution of the principal stresses and the vertical 
and horizontal stresses beneath a loaded area based on Jurgenson (1 931;). In 
figure 5.2U the loaded area is taken as a thin rectangular plate and in the 
case of figure 5•25/ the loading is assumed to be of triangular form.
Margason and Symons (1969) consider that designs based on total stress 
methods for embankments on deep deposits of soft compressible soils, which 
take no account of any dissipation of excess pore water pressure during the 
construction period can lead to over-design. They then describe a method in 
terms of effective stress from which site control charts can be obtained. The 
maximum possible excess pore water pressure at any depth was assumed equal 
to the applied vertical stress and the lateral distribution of excess pore
water pressure was taken as the maximum multiplied by a factor R which varied 
according to the profile of the loaded area. Vertical dissipation was assumed 
to occur by double drainage and the distribution assessed from coefficients 
of consolidation measured in the laboratory. To produce the control charts, 
a series of stability analyses were carried out for various percentages of 
dissipation. The charts were prepared for various depths of failure, by 
relating the calculated minimum factor of safety to the percentage dissipat­
ion of excess pore water pressure for a range of embankment heights. These 
charts were revised during construction based on actual field measurements.
Burland (1971) utilises a theoretical model for an idealised soil and 
uses a stress-strain theory to predict the behaviour of the soil. The stress- 
strain theory used is that developed at Cambridge and is shown by Burland to 
simulate the behaviour of normally and lightly overconsolidated clays. It is 
also shown that the theoretical model can be defined in terms of the soil 
parameters j6' and which can be obtained from laboratory tests on a
material. The theory is applied in the context of this thesis to predict the
pore pressures beneath the embankment.
Calculations of the distribution of stresses were based on Jurgenson 
(193h) modelling the embankment either as a series of plates of diminishing 
size for the calculation of principal stresses; or as a triangular loading 
with the superposition of a smaller triangular and negative load, to obtain 
the required load distribution, for the calculation of vertical and horizontal 
stresses. The principal stresses were calculated using a Hewlett Packard 9801,
a program was written for this machine which calculates values of A(^j,
A cr3, - A c ^ ) , c ^ ,  o , u and y  for a point defined by co-ordinates
beneath the loaded area due to the application of successive layers. These 
calculations were also used for the Lambe type prediction and a mean value of 
0.8 was taken for A.
Burland relates the initial effective stresses with K such that:-
o
= O'. » x K ..___................. 9.Uhi vi o
"Where is the initial effective horizontal stress
is the initial effective vertical stress.
Burland suggests that Kq should be taken as equal to or slightly larger than 
that given by the empirical expression
Kq 1 - sin .......................
However, this would give a constant value of Kq of 0.U as $ f = 31°20f.
Referring to figure h.35* the curve of stress ratio with depth shows a
curve of decreasing values of Kq with depth, the minimum value being of the
order of 0.6. It was decided to use the curve given in figure 1*.35 to give 
values of Kq for this analysis, except that its maximum value was limited 
to unity as required by the theory given by Burland. The undrained strength 
was taken as that measured with the insituwie shear apparatus. In order 
to carry out a Burland type pore water pressure prediction, a program was 
written for an English Electric 1*^ 30 computer in Fortran IV. Included in 
the program are routines which perform the calculations of vertical and hor­
izontal stress. A typical page of print-out is given as figure 5.26.
When the calculations for the various methods were carried out a 
common average ground level was used as a datum for determining the position 
of the piezometers and depths of fill. The profile of the embankment as con­
structed was modified for the settlement which occurred during construction. 
Table 5.3 gives the correction to the failed section embankment fill depths 
for settlement.
Typical predictedmlues of excess pore water pressure are shown 
plotted against fill depth for various piezometers beneath the failed section 
in figures 5.27 to 5.40. Curves are shown for predictions using the methods 
given by Lambe and Burland and the measured excess pore pressure and curves 
of (A.0^ - and are also included. Predictions based on the
vertical stress as used by Margason and Symons gave greater values than 
Burland and are not shown. An indication of the magnitude of the difference 
may be obtained from figure 5.26 by subtracting the value of the effective 
overburden pressure, POE, from the values of vertical stress given in the 
second column. From plots similar to those given in figures 5*27 to 54*0 
it was possible to obtain plots such as are shown in figures 54*1 to 5.14* which 
show the distribution of estimated and measured pore water pressure beneath 
the embankment. From the curves it is evident that in this instance neither 
Lambed nor BurlandTs method gives an accurate prediction, particularly in 
the zone beneath the centre of the embankment. It has been suggested 
that values of could give a reasonable indication of pore pressures
beneath an embankment. However, this is again not the case for the trial em­
bankment, except beyond the toe of the embankment. It is interesting to note 
that beneath the embankment the curve of (A.0^ - is more in accord with
the measured values. It should perhaps be stated at this juncture that the 
measured excess pore pressures shown in figures 5-27 to 5.14* have not been 
corrected for fluctuations in water table level. As mentioned earlier in this 
chapter it was not possible to correlate the standpipe levels to piezometric 
levels prior to filling. In order to give an indication of the order of 
magnitude of the variation in water table level, figure 54*5 shows the
increase in pore water pressure measured in the standpipe during the filling 
of Sections 1 and 2, plotted against depth of fill on Section 2.
The problem is in reconciling the actual pore pressure distributions 
measured during the trial with other data obtained, notably the permeability. 
The distribution shown for any vertical line of piezometers, as shown in figure 
5.1*1 to 5.1*1*, is indicative of a material in which rapid drainage can take place
This is in direct contradiction to a permeability of the order of 10 ^m/sec. in
8the clays and silts and possibly 10’" ir/sec. in the peat, Chapter 1*.
Inspection of the alluvial deposits in trial pits which were dug 
during the site investigation revealed an appreciable structure of rootlets 
within the deposits. This could perhaps be an explanation for the rapid drain­
age that has apparently taken place, Rowe (1968 and 1972). As described in 
Chapters 2 and 1*, oedometer tests on 255mm diameter (10 inch) piston samples 
gave average values of c^, for vertical drainage within the clay, of the 
order of twice the corresponding values obtained from the small diameter 
samples - 75mm diameter (3 inch). Field permeability falling head tests 
carried out as part of the site investigation, under overburden pressure only, 
gave calculated values of c^ considerably in excess of the oedometer test, 
between twice to five times that of the 10 inch oedometer test for tests below 
ordnance datum. Permeability tests above datum gave a range of values of c ■ 
that were generally ten times the range found below ordnance datum, Table 
1*.3. Reference to the constant head permeability tests, reported in Chapter 
4, carried out as part of the trial however did not confirm the site invest­
igation data. As can be seen from figures 4.27 to 4.30, the values of permea­
bility, k, remain sensibly the same for the alluvial clays irrespective of 
denth. Also, within 40 to 50 rlavs after completion of the fill a trend for 
a %0% reduction in permeability was recorded, after which there appeared to 
be only little further decrease in k with time, although a decreasing trend 
could be established. The initial decrease could be attributed to collapse 
or partial collapse of the rootlet structure. It is considered that the 
pore water pressure dissipation curves given in figures 5.20 to 5*23 generally 
support the permeability findings. Even so, it is considered that the 
structure of the deposits was not the complete explanation for the rapid 
drainage that appeared to have taken place.
What then are alternative explanations for this behaviour of these 
fenland deposits under load? It has been tacitly assumed that due to the 
high water table level,fully saturated soils are being dealt with. If, 
however, the deposits were not fully saturated, a behaviour similar to that
recorded could be expected. Little evidence is available to support or 
refute the possibility that the soil is not fully saturated. A number of 
quick undrained triaxial tests were carried out during the site investigat­
ion, the results of which are reported in Table 4.6. As can be seen values 
of j6 were measured which ranged from 8° to 34°$ such values are indicative 
of partial saturation. These samples were certainly partially saturated at 
the time of testing, but it is not possible to state that they were only 
partially saturated when they were actually taken. The time interval between 
sampling and testing cannot be precisely determined without obtaining records 
from the site investigation firm. It is not possible to comment on the 
effectiveness of the sampling procedure, sealing to prevent drying out and 
the precautions taken in storing, transporting and the subsequent handling 
of the samples within the laboratory; all these factors could contribute to 
drainage or partial drainage of the samples. It would appear from this 
evidence that there is cause to suspect that the deposits are not necessarily 
fully saturated.
A further possibility for the apparent rapid drainage observed is the 
formation of. cracks within the upper crust of the deposits or zones in which 
strain movements effectively reduce the permeability. Once again little 
evidence was found to support this proposition. Considering then the data 
that are available; the constant.head permeability tests did not show any 
dramatic change in the order of the values of k after the embankment load was 
applied, the %0% reduction observed could be considered to lie within the 
experimental accuracy of the test method. The insitu vane shear tests showed 
that the crust was considerably stronger than the remainder of the deposits 
by an order of several magnitudes. It was not possible to quantify the 
factor more precisely than this as insufficient shear values were measured 
within the crust . The fluctuation of water table level appears to take place 
within this crust. When data for the crust w<z.nr being examined in relation to 
the overconsolidation ratio, Chapter 4, it was observed.that in the main an 
indication of higher values of overconsolidation ratio was given, than that 
obtained from data obtained below the crust. Now it was observed that the 
fill material cracked prior to failure and it is contended that the formation 
of these cracks could have commenced prior to their being observed. It is 
further contended in view of the relatively higher strength of the crust 
compared to that of the alluvium below it, that the strain movements within 
the ai|uv>als ' . caused the crust to crack also. Alternatively these 
strains were transmitted to the crust material in such a manner as to cause 
strains producing one or more local zones of effectively lower permeability.
Either of these factors could then allow a more rapid drainage of excess 
pore water pressures to occur.
The data obtained from the inclinometer tubes, which will be given 
in Chapter 6, will now be examined. In the context of this section it is 
only necessary to consider the movements measured at ground level. Typical 
inclinometer tube profiles are given as figures 6.1 to 6.4. Consider 
firstly the failed section: prior to the failure the inclinometer tubes
201 and 206 at the toe of the embankment showed maximum outward movements of 
0.05 and 0.08m,. giving an overall nominal strain of 0.13 x 100 $, i.e. 0.52$,
“ 23
for an embankment width of 25m. The difference between the recorded move­
ments of each of these two tubes was attributed to the presence of the existing 
Saddlebow Road embankment. The lateral movements registered at the ground 
plates on the internal inclinometer tubes 203 and 204 was 0.11 and 0.135m 
respectively, which is equivalent to an overall nominal strain of 2$. This 
occurred over a loading period of 10 days. Endicott (1970) used a centrifugal 
testing technique on large samples obtained from the site of the trial. Data 
in general accord with the measured full scale data were obtained and in 
particular a reasonable agreement with the measured shear strain was achieved. 
The important feature is that the model technique showed that the strain was 
greater nearer the centre of the embankment. Table 5.4 gives the relevant 
data from the inclinometer tubes on Sections 3 and 4.
If the effect of shear strain is greatest at the centre of the embank­
ment then any cracks or zones of effectively reduced permeability would tend 
to occur near the centre of the embankment, rather than towards the toes.
If this is so then the effect of the cracks or reduction in permeability would 
not be so apparent in the direction of the toe, particularly if this was the 
sole explanation of the rapid drainage. As can be seen from figures 5.41 to 
5.44 the triangular distribution of excess pore water pressure would appear 
to be of the same form at any point within the monitored area. It is 
appreciated that the above argument is a little tenuous and that,whilst it 
could be considered that a case has been made out for the possible formation 
of cracks or zones of reduced permeability, it is not likely that this feature 
has a significant effect on the observed drainage pattern.
The two probable explanations for the triangular drainage pattern thus
remain:
(a) The so called Rowe effect, i.e., the rootlet structure.
(b) The soil was only partially saturated.
Of these two it is considered that the second is of major significance 
whilst the first could occur,but from the permeability measurements would 
appear to be of minor significance.
5.5 CONCLUSIONS
This chapter has dealt with the pore water pressure measurements as 
recorded by the piezometric installation. The major..conclusions that were 
arrived at are as follows
(a) It was not possible to correlate directly fluctuations in piezometric 
level as indicated by the standpipe piezometers adjacent to the gauge 
house with those of the piezometric level indicated prior to filling 
by the piezometers in the embankment area. It was possible to indicate 
that the trend of the movements shown by the two systems was similar.
(b) It was shown that methods of predicting excess pore water pressures 
did not agree with measured data. This would obviate the use of 
predicted values forming the basis of any method of control of the 
construction of earthworks.
(c) The distribution of excess pore water pressure beneath the embankment 
due to applied loading was found to be triangular. Reasons for such 
a pattern were discussed and it was considered that a major factor 
could be due to the material being only partially saturated. It was 
also considered that the structure of the alluvium could be a factor 
that could contribute to such a drainage pattern.
Equalisation
ratio
e%
Time to achieve equalisation ratio
GIBSON HVORSLEV
Alluvium Peat Alluvium Peat
■:%
2%
38 mins, 
123 mins. 
16U mins.
2 mins. 
9 mins. 
13 mins.
3)4 mins. 
I1I4 mins. 
52 mins.
3 mins. 
h mins. 
5 mins.
NOTE:
Higher degress of equalisation than 5$ involve greater volume changes 
which give corresponding greater equalisation times using Gibson than 
Hvorslev.
EQUALISATION TIMES
TABLE 5.1
r
[ .VALUES OF TIME FACTOR T
Time
Days
SECTION
1
Fig.
5.15a
2 3 1*
Fig.
5.15b
Fig.
5.16
Fig.
5.17a
Fig.
5.17b
Fig.
5.18a
Fig.
5.18b
Mean
UNIFORM INITIAL EXCESS PORE WATER PRESSURE D
50 0.32 0.25 0.23 0.23 0.35 0.30 0.35 0.29
100 0.38 0.31* 0.32 0.1*5 0.1*5 o.l*o 0.1*5 o.l*o
200 0.1*2 0.38 o.l*o 0.58 0.58 0.50 0.58 0.1*9
1*20 0.1*8 o .1*0 0.60 0.75 0.65 0.60 0.68 0.59
720 0.55 0 .5  o 0 ,60 0.92 0.72 0.65 0.70 0.66
STRIBUTION
TRIANGULAR INITIAL EXCESS PORE WATER PRESSURE DISSIPATION
50 0.03 o.o5 0.05 0.02 0.02 0.05 0.05 O.Ql*
100 0.05 0.08 0.1 0.08 0.05 0.1 0.1 0.08
200 0.1 0.1 0.12 0.2 0.1 0.2 0.2 0.15
1*20 0.2 0.15 0.3 0 .5 0.3 0.1* 0.3 0.31
720 0.3 0.2 0.3 0 .6 0.1* 0.1* 0.1* 0.37
VALUES OF TIME FACTOR OBTAINED FROM EXCESS 
PORE WATER PRESSURE DISSIPATION
Standard
Deviation
.05
.05
.08
.11
.13
0.01
0.02
0.05
0.11
0.12
TABLE 5.2
Run
No.
Day
No'.
Hour MeanG.L.
Mean
Fill
Level
Mean
Fill
Depth
Mean
Settlement
Corrected 
Fill Depth
202U k3 12o50 2 o35 3.30 0.95 0.95
2026 Uk 18.15 3.80 1 oh 9 - 1 .19
2028 k9 17.50 Uc25 1.90 0.07 1.97
2038 51 18.00 5.85 3.50 0o25 3.75
2di0 5? 18.10 6.70 U. 3 5 0.28 U.63
20U5 53 15.15 8.35 6.00 0.32 6.32
20& 17.00 8.95 6.60 0.L5 7.05
NOTES: 1. Filling commenced on day It 3* filling was not carried
out during days U 8 and k9 and was completed on day 
9k. Prior to the main filling operations the drainage 
blanket had been laid and a haul road constructed.
2. Run numbers relate to a particular set of readings and 
were used for identification purposes for the computer 
program.
FILL DEPTHS. AND SETTLEMENT AT STAGES DURING FILLING SECTION 2
TABLE 5 .3
Tube Noo Position
Distance
from
Centreline
Displacement
Nominal
strain
301 Toe Tube broken arid not replaced
30b Toe 12.5 0.058 0.h6%
b01 Toe 12.5 0.075 0.6%
bob Toe 12o5 0.057 0.h6%
302 Shoulder 6.75 0.082 1.21 %
303 Shoulder 6.75 0.037 0.55$
b02 Shoulder 6.75 0.088 1.30$
b03 Shoulder 6.75 0.025 0.37$
NOTE: Displacements beneath the embankment are given at the
appropriate level of the ground plate.
TYPICAL DISPLACEMENTS OF INCLINOMETER TUBES AT 
GROUND LEVEL
TABLE 5 .b
o>
I
C i

-o
p
Piezometer ceased
'113
115
120
132
F ill
42 47 50 55
Day no.
FILL DEPTH
Settlement m. i i SETTLEMENT1 >
EXCESS PORE PRESSURE DURING FILLING.
Figure 5 ■ 4
Piezometer ceased 
* to respond.
m
201
46/ 4745 49
Day no.
F ill depth m.
FILL DEPTH
Settlementm.
SETTLEMENT
EXCESS PORE PRESSURE DURING FILLING.
Figure 5 5
223
Piezometer ceased 
to respond. __
222
220
m
202
Fill depth 
m.
47 Day no.
FILL DEPTH
Settlementm.
SETTLEMENT
EXCESS PORE PRESSURE DURING FILLING.
F igure 5-6
375
373£1-
305
/—
Fill
20
Day no,
Fill depth
FILL DEPTH
Settlement
SETTLEMENT
EXCESS PORE PRESSURE DURING FILLING.
Figure 5-7
3 /8
328
Fill
375
327
326
>/efe
28 32 
no.
Fill depth
FILL DEPTH
Settlement
SETTLEMENT
EXCESS PORE PRESSURE DURING FILLING.
F igure 5 -8
415
406
411
405
25 2720
Day no,
TiiT—  
CompleteFill Depth
FILL DEPTH
Settlementm.
SETTLEMENT
EXCESS PORE PRESSURE DURING FILLING.
F igure 5-9
426
IT 27
426
25 26 27
Fill Depth 
m.
FILL DEPTH
Settlement
SETTLEMENT
EXCESS PORE PRESSURE DURING FILLING.
Figure 5-10
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FIGURE 5 • 25
F O R  ' S EC TIO N N U M B E R  200
E M B A N K M E N T  W I D T H  25.140 M
F I L L  D E N S I T Y  2006.000 KG/M3
p i e z o m e t e r  n i j m p e r 15
DEPTH 4.350 M. distance from centre 0. M.
WATER TABLE DEPTH 0. M. SHEAR strength 20.000 KN/H2 PHI 31.001
POE 23 .289 KN/M2 POK0E 14.905 KN/m2 SI 19.097 KN/M2 TI 4,
BE 38.832 KN/M2 TF 20,
DEPTH OF VERTICAL HORIZONTAL shear STRESS MAXIMUM SHEAR PORE WATEI
fill STRESS stress <TAU) STRESS <TE> pressure
M KN/M2 KN/M2 KN/M2 KN/M2 KN/M2
0.250 28.130 17.788 0 . 5.171 3.862
0.500 32.965 20.620 0 . 6.172 7.696
0.750 37.792 23.399 0 . 7.197 11.498
1.000 42,611 26.120 o . 8.246 15.269
1.250 47.422 28.783 0 . 9.319 19.006
1.500 52.222 31.384 °» 10.419 22.706
1.750 57.011 33.920 0. 11.545 26.369
2.000 61,787 36.388 0 . 12.699 29.991
2.250 66.549 38.784 0 . 13.882 33.570
2.500 71.294 41.105 0 . 15.094 37.103
2.750 76.021 43.348 0 . 16.337 40.588
3.000 80.727 45.507 o . 17.610 44.020
3.250 85.409 47.579 0 . 18.915 47.597
3.500 90.064 49.559 0 . 20.252 50.967
3.750 94.686 51.444 0 . 21.621 55.589
4.000 99.272 53.228 0. 23.022 40.175
4.250 103.816 54.907 0 . 24.454 44,719
4.500 108.310 56.476 0 . 25.917 69.211
4.750 112.747 57.930 0 . 27.408 75.650
5.000 117.116 59.266 0 . 28.925 78.019
5.250 121.407 60.480 0 . 30,463 82.110
5.500 125.605 61.568 o . 32.018 86.508
5.750 129.694 62.528 0 . 33.583 90,597
6,000 133.654 63.361 0 . 35.147 94,557
6.250 137.463 64.065 0 . 36.699 98*866
6.500 141.094 64.645 0. 38,225 101.998
6.750 144.517 65.107 0 . 39.705 105.420
7.000 147.695 65.458 V 41.118 108.598
7.250 150.591 65.711 0 . 42.440 111.494
7.500 153.162 65.880 0 . 43.641 114.045
m
par - (»•
KO = Kq, this has been taken from figure 4.35
POE = Initial vertical effective stress.
PQKOE = Initial horizontal effective stress, <>^'
SI = Initial effective average stress. + 0^')
TI = Initial maximum shear stress, i(®^'
SP = Effective average stress at failure, c^ y^ein
W  = Mfttlmum shear stress at failure, c ,Q
this has bean taken as the insitu vane strength. 
VERTICAL STRESS, HORIZONTAL STRESS and SHEAR STRESS (fAU) are 
the stresses given by the Jugenson (1934) subroutine. 
MAXIMUM SHEAR STRESS (TS) la obtained from the solution of 
equation 1b given by Airland (1971).
When tk is greater tlian «u the program assumes that local 
failure occurs and calculates accordingly.
0.640
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CHAPTER 6
INCLINOMETERS.
This chapter deals with the data obtained from the inclinometer 
tubes and its interpretation. The measurements taken are discussed
v
and the methods of analysis used are given. The profiles obtained 
from the analysis are presented and discussed.
Methods of using the inclinometer as a monitoring tool for 
constructional works are developed. The use of the phenomenon that 
can best be described as solid body rotation as the basis of monitoring 
is discarded. The direct use of the displacement of a particular point 
is considered and when corrected for variable filling rates this 
method is shown to be suitable for monitoring.
6 .1 .  INCLINOMETER PROFILES
The deflections of the various inclinometer tubes were measured 
at as frequent intervals as possible during the construction of the 
embankment. It was not possible to record the movements of the tubes 
within the fill as frequently as those at the toe due to access difficulties, 
particularly after extending the tubes. After the filling had been 
completed measurements were taken at increasing time intervals.
Unfortunately the failure of Sections 1 and 2 caused failure of a 
number of tubes; the point at which the fracture occurred was detected 
and used to establish the position of the slip surface (as discussed in 
Chapter 3)* Other tubes subsequently became blocked or unusable due 
to vandalism. Fortunately sufficient tubes remained open for the 
pattern of movement to be established.
As mentioned in Chapter 3 the lower ends of the tubes were anchored 
into the Kimmeridge clay; therefore the base of each tube was assumed 
to form a fixed datum on which all measurements and calculations were 
based. As a check on the readings taken with the inclinometer, attempts 
were made to monitor the movement of the tops of the tubes using 
surveying techniques. Unfortunately this was not very successful due 
to two main factors • firstly the surveying accuracy was not sufficient, 
due to the restricted site and the time available for these measurements 
and secondly as the tubes were relatively flexible, it was difficult to 
ensure that the true slope of the tops of the tubes were being measured■ 
from a point just below ground level.
Two types of analysis of the data were carried out, firstly by 
simple integration ,to obtain the profiles of the tube based on the fixed 
datum at its lower end. Typical profiles at various time intervals are 
given in figures 6.1 to 6.4* The second method was to calculate the j 
area through which the tube had moved from its original datum profile ! 
to the profile at the time interval being considered, and Table 6.1 gives 
typical areas for this movement. A suite of simple computer programs j  
was written to perform these calculations.
A significant feature of the profiles obtained was the magnitude 
of the movements (figures 6.1. to 6.4)• It is considered that, even 
with the flexibility of the tube, the measured profile in the region ' 
of the interface between the lower alluvium and the weathered Kimmeridge 
clay does not reflect the full movement, due to the relative stiffnesses
i
of the two soils and the tube. However it is considered that above this \ 
zone the flexibility of the tube is such that the magnitude of the 
movement is more accurately reproduced.
On inspection of figures 6.1 to 6 .4 , the profiles given for the 
inclinometers at the toe of the hank show very clearly the mechanism of 
failure at this point. The upper parts and more particularly the centres 
of the profiles remain approximately parallel which would, indicate that 
the whole mass of the soil is moving horizontally. This feature is not 
shown by the curves for the inclinometers at the shoulder.
Figure 6 . 5  shows the movement of a point at approximately ordnance 
datum plotted against log time. These curves will be compared'with the . 
settlement data in the next chapter.
It is considered that the curves shown in figures 6.1 to 6.5 once 
again demonstrate the variability of the material beneath the trial site.
6 .2 .  USE OF THE INCLINOMETER FOR MONITORING PURPOSES.
As discussed in previous chapters the use of the piezometers to 
indicate the approach of unstable conditions is not possible. At no 
time were rapid increases in pore pressure measured. The use of predicted 
pore pressures to produce control charts has been shown to be not feasible 
for the King's Lynn deposits. Thus some other means of control of the 
filling was required for the main works, a basic requirement being 
accuracy and rapidity of obtaining the necessary control information.
The inclinometer data were carefully examined to see if the inclinometer 
could be used to form the basis of a rapid means of monitoring the 
behaviour of the substrata during filling.
The first approach was to use what can be described as solid body 
rotation. Taking a circular arc type of failure, the material above the 
failure surface will rotate about the centre of the circular arc as if 
it were a solid body. It was considered that in the case of the type 
of failure that actually occurred, i.e. non-circular, a similar 
phenomenon would occur with all the material above the failure surface 
moving as a solid body. Thus the behaviour of two points, above the 
failure surface, on an inclinometer tube were examined. If these two points 
are joined by a line as shown in figure 6.6 the movement of this line 
with time could give an indication of the behaviour of the soil mass 
above a potential failure surface. It was postulated that in the case 
of a circular slip, the envelope to the line or the locus of the 
intersection of consecutive positions of the line would,as failure 
approached,form a circular arc with its centre at the centre of rotation 
of the slip surface. In the case of a non-circular slip or a slide failure, 
the locus should bear a similar relationship to the type of failure.
In the case of a true slide failure the locus should tend to become a 
line parallel to the failure surface and at an infinite distance from it.
On testing this hypothesis with data from the inclinometer tubes 
difficulties were found in obtaining a sensible locus due to variability 
of data and also to the fact that the process is one of extrapolation, 
over a considerable distance, of data from points that are relatively 
close together.
A refinement of this method was tried next in which the locus of 
the intersections of the bisectors of the angles between three cor7se,c.ottY& 
positions of the line joining the two points being monitored were examined, 
this is illustrated in figure 6.6. Using this method should, in the case 
of a circular slip, show a locus which as failure occurs ends at the 
actual centre of rotation and in the other extreme i.e. a true slide
failure, the bisectors should intersect at infinity. Once again on 
testing, problems arose in obtaining a sensible locus.
It was concluded that although there may possibly be potential in 
developing the hypothesis further, the method was very sensitive to 
the quality of data. As the analysis is an extrapolative process based 
on two points close together compared with the dimensions being 
calculated, very small errors or irregularities in the data would have 
a very significant effect on the intersection points being calculated.
Thus it was considered that this approach was unsuitable as a monitoring 
tool for the construction of the bypass.
A different approach was next investigated which has been reported 
by Wilkes (1973)* Hughes (1969) discussed culvert elongation as a 
possible means of monitoring earthworks, and it was considered that 
inclinometer data could be used in a similar fashion. As can be seen 
in figures 6.1 to 6*4 maximum lateral movements occur at some depth 
below ground level, selecting a point at a level where movements 
are greatest, and monitoring its movement, A d  with time, plots of Ad 
against time t are shown in figure 6*7. This method is not however an 
ideal form for monitoring due to the almost certain likelihood of 
variability in the rate of filling. In order to allow for variations 
in rate of fill,Ad was divided by the fill height H measured at the 
same time as A d  was obtained. It was found that on plotting Acl/^ 
against t,a straight line could be drawn through the points whilst 
stable conditions occur. As failure approaches the points deviate from 
this straight line, e.g. beyond point A for tube 206 on the failed area, 
figure 6.7* It should be noted that the curve shown for tube 401 which 
is on an unfailed section does not show such a marked deviation. It 
is nonetheless considered that this curve demonstrates that this 
particular section is approaching failure, as some deviation is shown 
beyond point A. It is interesting to note that the initial points on
the AdAjjt plot for tube 406 do not lie on the straight line, it isa
suggested that this is possibly due to the material being lightly 
overconsolidated.
This method was successfully used to monitor the main construction 
works; on several occasions when the break point on the Ad/^it plot 
was obtained and filling was stopped the rate of movement slowed without 
a failure occurring except on one occasion. In this instance a delayed 
failure occurred some three days after completion of fill midway 
between two lines of instruments and was not fully identified from the data
due to its distance from the instruments. On a second occasion the 
break point was passed and filling was stopped, after which longitudinal 
cracks were observed in the fill material and some movements detected 
in a toe ditch, fortunately, without a major failure occurring.
TUBE No. 101 TUBE No. 206 TUBE No.
. ^
 
0N"\ TUBE No. 401
DAY/HOUR AREA
2■ m
DAY/HOUR AREA
2m
DAY/HOUR AREA ' 
m2
DAY/HOUR AREA
2m
45/16 0.012 45/12 -O.O37 18/11 0.022 18/12 0.005
46/11 0.018 47/11 -0.097 19/12 0.020 19/15 -0.015
47/12 -0.018 50/15 -0.175 20/11 0.012 20/12 -O.O3O
50/15 -0.032 51/12 -0.220 21/11 0.003 21/12 -O.O45
51/1.4 -0.035 52/15 -0.262 23/10 -0.024 23/11 -0.084
52/14 -0.112 52/19 -0.312 26/10 -0.064 25/11 -0.123
55/14 -0.138 55/09 -0.395 27/11 -0.123 26/11 -0.161
54/15 -0.272 55/14 -0.458 28/12 -0.166 27/11 -0.198
57/15 -0.835 55/21 -0.766 30/10 -0.270 28/11 -0.281
59/14 -0.871 FAILURE 44/11 -O.403 29/11 -0.302
60/14 -0.861 51/12 -O.4O8 44/12 -0.459
64/16 -0.891 58/14 -0.410 50/17 -0.455
72/11 -0.958 61/14 -O.46O 58/15 -0.495
79/12 -O.95O 67/16 -0.411 67/15 -0.520
85/14 -O.925 72/12 -0.412 72/11 -O.556
92/12 -0.947 79/16 -O.425 79/16 -0.555
99/14 -0.954 87/17 -0.436 95/16 -0.570
117/09 -0.994 94/11 -0.448 102/16 -0.589
142/11 -0.975 102/17 -0.457 122/16 -0.626
151/12 -0.968 122/17 -O.463 142/12 -0.601
271/15 -0.995 142/12 
155/10 •
271/14
-0.461
-0.474
-O.525
271/15 -0.755
N O T E :
The nearest complete hour only is given.
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CHAPTER I
SETTLEMENT
In this chapter the settlement measurements obtained during 
the period of the trial are reported and discussed. A significant 
feature revealed by a study of the data is that the settlement, 
in this instance, may be considered as a one-dimensional phenomenon.
Predictions of the settlement are made using standard calculation 
methods in conjunction with standard laboratory derived parameters.
The calculated values are compared with the measured settlements and > 
discussed. Attempts to calculate the time period for consolidation 
using laboratory derived parameters are shown to give very variable 
results and to be unsatisfactory. A reasonable approach to determining 
this time period is shown to be the use of observed excess pore 
pressures and their subsequent dissipation.
The ability to predict settlements that Occur in given time 
periods or that are likely to occur after a given time is of 
considerable value to the control of Contract Works. Two simple 
methods are evolved which, in this instance, give reasonable assessments 
suitable for site control. These methods are based on fitting curves 
to the measured data and extrapolating the curve to obtain the 
required information. The probable accuracy of these methods is 
determined by comparison with the available measured data and a limit 
is suggested to the extrapolation process.
7.1. SETTLEMENT MEASUREMENTS.
As mentioned in Chapter 3 two different types of instrument were 
used to measure the settlement beneath the embankment, viz.hydraulic 
overflow gauges and incremental settlement gauges. In addition ground 
plates were placed over the inclinometer tubes, and detected with a 
large probe connected to the incremental settlement gauge measuring 
unit. The doubtful reliability of the hydraulic unit has already been 
commented upon and it is sufficient to reiterate that the data from these 
units havitbeen used with a degree of caution. The measured settlements for 
the various sections are given in figures 7»1 to 7*8 and 7*10 to 7.13 
plotted against log time, and in figure 7«9 plotted against root time.
In figures 7»1 to 7*8 and to 7*13 the commencement of a log cycle
has been taken as the completion of filling on the relevant section and 
therefore the full profile that was measured during filling is not 
shown. It is considered that this method of plotting enables ready 
comparison to be made between movements that occur under constant 
loading conditions, i.e. on completion of filling. Although the overall 
settlement pattern for the various sections remains sensibly the same for 
each section, the magnitude of the settlement shows some variability, 
even within any particular section.
Settlement data arc, given for each type of instrument. Figures 7*1 
to 7.9 show the readings obtained from the incremental settlement 
gauges, and the shear movements that occurred during failure can clearly 
be seen on Section 2 and to a lesser extent on Section 1. After making 
due allowance for these failure movements it can be seen that the slope 
of the settlement, p , to log time curve is in close agreement for all 
four sections. Thus it is concluded that the sand drains, Sections 3 and- 
4, had no significant effect on the consolidation of the alluviums; 
similar evidence was obtained from the dissipation of the excess pore 
pressures to support the above statement, see Chapter 5* Similar trends 
to those described above can be observed in the data presented for the 
ground plates placed over the inclinometer tubes, figures 7*10 and 7*11•
Unfortunately during ihe failure of Sections 1 and 2, damage was 
caused to the connecting tubes of the hydraulic settlement gauges.
It was therefore not possible to obtain complete settlement records 
after failure for these two sections. The poor ’quality of the \q$orrqa't\or) 
obtained on these two sections prior to failure, due mainly to the 
previously described problems inherent in this type of gauge, has not 
merited its inclusion. Figures 7*12 and 7*13 show settlements obtained
irom tne nyaraunc settlement gauges on Sections 3 and 4» Points worth 
commenting on are the fluctuations between days 50 and 60, a period when 
maintenance problems were giving rise to most concern. The measurements 
made on day 120 are also of interest as time then became available to 
carry out a set of carefully controlled measurements to assess the 
reliability of the readings that were, being obtained. The gauges 
were carefully flushed out and charged in the recommended manner, previously 
described, and readings of the standpipes and reduced pressure system 
were taken at intervals of half an hour over a period of several hours.
It was found that movements of the water column in the standpipes 
were detectable for a period of at least three hours after charging the 
systems the order of this movement is indicated by the vertical line 
for day 120 values in figures 7*12 and 7*13» This unfortunately adds 
yet another factor of uncertainty to the data obtained from these 
gauges as the readings were normally taken between one and two hours 
after charging the system. Therefore when using the data from the 
hydraulic gauges a careful examination was made of the data from each 
side of the point being abstracted for uses if necessary the settlement 
curve was smoothed to ensure that compatible data were.used. It should 
be reiterated that the data from the hydraulic settlement gauges has 
been used with caution and only on occasions when it was absolutely 
necessary to do so, for instance when obtaining the overall settlement 
profile on any cross section.
The recording of data from the settlement gauges, piezometers and 
inclinometer tubes was taken over as long a time period as possible 
after construction of the embankment. The last settlement readings were 
taken on day 876 for the gauges that remained functional. Shortly after 
this the embankment was removed to enable the construction of the bypass 
to proceed. Unfortunately part of the embankment was an area which 
was to be excavated for bridge foundations. It was necessary to remove 
the larger part of the embankment to ensure the stability of the sides 
of this excavation. The remaining sections of the embankment consisted 
therefore only of a short length at each of the two extremities and 
it was considered to be more economical to spread them rather than 
bench the new earthworks into them.
A significant feature of the settlement measurements obtained 
during the full period of the trial, i.e. approximately two and a 
quarter years, is the shape of the settlement-1og time curves. As 
can be seen the slope of these curves is increasing from approximately
day 350. In the case of the root time plots there is a slight 
decreasing trend to the slope of the curve. A similar feature may 
be observed in figure 6.5 which shows the deflection of inclinometer 
tubes at ordnance datum. The conclusion that can be drawn is that 
the consolidation process occurs over a considerable time period.
This factor is obviously of some importance when considering the design 
of schemes such as the King's Lynn Southern-bypass, both during the 
construction period and for the future maintenance commitment attached 
to various solutions of the design problems. Unfortunately due to the 
necessity to remove the i^ rial embankment, the monitoring of the overall 
consolidation behaviour of alluvial deposits under full scale 
loading was not possible. However in the following sections the behaviour 
that was recorded will be examined and some predictions of settlement 
and rate of consolidation will be made and compared with the available 
data.
As a . consequence of the removal of the embankment prioi? to 
completion of the consolidation process this chapter of the thesis 
is not complete as it would have otherwise been. Measurements of 
settlement are however being taken as part of the monitoring of the 
main contract works. It should therefore be possible to examine 
consolidation characteristics when the bypass has been constructed and 
it should also be possible to carry out measurements for a considerable 
time period, even after completion of the works. A better assessment 
of methods of prediction of the magnitudes of settlement and rates of 
consolidation than is possible in this thesis should therefore also be 
eventually possible.
7.2. SETTLEMENT MECHANISM
The cross sectional profile of the original ground surface was 
plotted at various time intervals after filling had been completed, 
profiles for Section 4 are shown in figure 7»H. Section 4 is being 
used to illustrate this section of the thesis as the relevant instrumentation 
remained operational for the longest time period. The areas between 
the datum line, representing the original ground surface profile, 
and an appropriate profile of the settled ground surface were measured 
from diagrams such as figure 7«14* Table 7*1 gives the areas measured 
from figure 7*14 and also gives the areas between the inclinometer 
datum profile and the appropriate deflected profile for the same time 
period; the latter were calculated as described in Chapter 6.
It is assumed that in a longitudinal direction along the embankment 
uniform behaviour occurs, i.e. that settlement movements can be considered 
as. two dimensional. (This is not a strictly accurate assumption as the 
inclinometer measurements revealed some longitudinal movements, up to 
a maximum of approximately 20% of the corresponding transverse movements.)
In the context of this thesis the areas such as are given in Table 7*1 
are considered per unit length of the embankment. It is further 
assumed that symmetry occurs about the centre line and in particular 
that movement of soil particles on the centre line has been in a 
vertical direction. This assumption means that the centre line forms 
one of the boundary conditions for the two dimensional behaviour.
Examination of Table 7*1. shows that the total areas for the settlement 
profiles are virtually identical on each side of the centre line. The 
areas for lateral movements, however, on each side of the centre line 
for similarly positioned tubes are in the ratio of 2:1. It is considered 
that this is due to the additional thickness of boulder clay discovered 
during the insitu vane test programme on the western half of the 
section, rather than to the different sand drain diameters. Comparison 
of settlement and lateral movement areas at identical time intervals 
after completion of the fill is of interest. Taking the areas moved 
through by 1401 and 1404 these are approximately 13% and 7% respectively 
of the settlement areas between the centre line and the appropriate 
inclinometer tube. Therefore it can be concluded that the settlement 
could reasonably be considered as a one-dimensional problem.
7*3 SETTLEMENT PREDICTIONS
7.3.1 Immediate Settlement
Methods of predicting immediate or elastic settlement have generally- 
been confined to structural foundations where the factors of safety 
against bearing failure or stability are in excess of 3* Structural 
foundations are usually rigid rather than flexible. In the case of an 
earth embankment, the factor of safety is much lower being of the order 
of 1.2 to 1.5 and the foundation can be considered flexible.
A prediction may be obtained by using charts prepared by Janbu et al 
(1956) for the average settlement of a rectangular footing over 
an elastic layer of limited thickness. The immediate or elastic settlement 
is given by the expression;-
Equation 7*1 was derived by Janbu et al (1956) for a structural foundation 
of rectangular shape. Values o f a n d  JJ ^ can be obtained from the 
charts given by Janbu et al and are functions of the depth of the footing, 
its length and breadth and the depth of the compressible layer beneath 
the footing. Applying this method to the trial the various parameters 
required are;-
Depth of foundation I) = Om.
Depth of compressible layer H = 6.5m.
Embankment width b = 24*5m.
Embankment length L = 45m.
2Net pressure from embankment q = 88 kN/m (4.5m. high embankment)
Young's Modulus E = 750 kN/m^
(The value of Youngfe Modulus was taken from Madhloom, 1973)
From the charts; (also reproduced in Surrey, 1970)
7.1
where  ^ is the immediate settlement 
yW. q andykj are settlement coefficients 
q is the net bearing pressure
b is the footing width
and E is Young's Modulus
b
/*0 * 1
H = 0.3 
b
L
b
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Thus on substitution into equation 7*1 gives
Values of the immediate settlement calculated in this manner 
are plotted against depth of fill in figure 7*15> together with a 
curve representing maximum immediate settlement "based on the expression
Also shown in figure 7»15 are the settlements measured on completion 
of the embankment. Due to the position of the gauges beneath the 
embankment,, the data from S 101, S 102 and S 201 should be compared 
with the ,maximum' curve as these gauges are sensibly on the centre 
line of the embankment, whilst gauges S 301, S 302, S 401, S 402 and 
S 403 are at approximately quarter points relative to the cross sections 
being considered and should be compared with the Average* curve. When 
comparing the measured data with the predicted data certain factors must 
be considered. Firstly the information plotted for Sections 1 and 2 
relates to settlement readings taken immediately prior to the occurrence 
of the major slip movements in an attempt to eliminate non-consolidation 
movements. Secondly, and of more consequence, the measured values given 
are not the true immediate settlement as it was not possible to apply 
the load instantaneously. During the loading period a complex behaviour 
pattern exists which includes a number of types of settlement occurring 
concurrently. These may be considered ass-
i) immediate or elastic settlement, which occurs as each increment 
of load is applied,
ii) settlement due to pore pressure dissipation, which is conventionally 
designated ’primary settlement1, 
and iii) creep settlement or long term movements not associated with
It is interesting to note that the settlements measured at the 
end of construction, as shown in figure 7*15» are in general accord 
with the exception of S 302 and would thus appear at first to be 
independent of embankment height. Actual mean depths of fill placed over 
each section are as followss-
Section 1 = 5»15nu
Section 2 = 7»05m.
Section 3 = 4*25m.
Section 4 = 4*12m.
(Surrey, 1970):
where • is the maximum immediate settlement
pore pressure dissipation; this type of settlement is 
conventionally designated 'secondary settlement*
These depths have been measured from the position of the original
ground level at completion of fill and the final measured level
of the top of the fill taken on completion of filling. Examining the
above statement in more detail, Sections 3 and 4 were constructed
in 16 days compared with the 11 days for Sections 1 and 2. It can therefore
be reasonably anticipated that a greater percentage of pore pressure
dissipation could have occured on Sections 3 and 4 than on 1 and 2 and
that during the construction more 'primary* settlement could have taken
place on the former two sections. The loadings on Section 2 is greater
than Section 1, which in turn is greater than that on Sections 3 and 4
and thus greater immediate settlements occur on Sections 2 and 1
than on 3 and 4* It would appear that the combined effects of these factors
of loading period and time create a probably fortuitous balance in this
instance. The movements shown for Sections 1 and 2, as mentioned previously,
may not be the true settlement due to the influence of the failure.
From figure 7*15 the predicted immediate settlements, using 
the ’average* curve, on Sections 3 and 4 can be seen to be approximately 
50% of the measured settlement at completion of the trial, (excluding 
the value given for S 302). For Section 1 the prediction is approximately 
45% of the measured settlement, taking the 'maximum' curve and the 
mean value of S 101 and S 102; whilst for Section 2 a value of 
approximately 10% can be obtained. Taking into account the problems in 
determining the true measured settlement that occured during construction 
on Section 1 and particularly Section 2? due to the failure movements 
affecting the settlement gauges, it would appear to be a reasonable 
conclusion that this method of immediate or elastic settlement 
prediction gives a satisfactory assessment of the settlement which 
actually occurs.
An important feature of the application of the Janbu et al method 
in this instance is the value of Youngfe Modulus used. This was 
obtained from the results of standard triaxial tests carefully executed, 
using samples that were obtained and transported in such a manner 
that they were in as 'undisturbed* a state as possible. The samples were 
obtained from boreholes using a 100 mm Geonor piston sampler, with 
thin walled sample tubes, supervision of the sampling techniques 
used was at a considerably greater level than is normal for site 
investigation works.
An alternative method given in Lambe and Whitman (1969) uses 
the relationship;-
f > =  3£  (1 - ^ 2) if  ......7.5
for the settlement at the comer of a rectangular footing,
where is Poisson’s ratio
■ . I  = (1 - } 2 ) Fr  + '(1 -  2 }2 ) P2
and are parameters obtained 
from a chart after Steinbrenner (1954)
This by superposition and taking 'J) = 0.5 gives a settlement of 0.21m
at the centre of the embankment. (Note, the chart given by Lambe and
Whitman uses L> for the depth of the compressible layer).
The immediate settlement obtained is of the same order as the 
result from the previous method (0.17m), It is considered that the 
difference could be attributed to the scale of the various charts used, 
which was such that values of the various parameters were difficult 
to obtain with any certainty at the low values of H/^ used.
Both of the methods above are based on a rectangular loading 
distribution. The actual applied load however is trapezoidal in shape 
and therefore the settlements calculated would be greater than for 
the actual embankments. This difference will of course depend on 
the relative size of the embankment cross section, in relation to 
the comparable rectangular load; that is to say as the embankment 
width is reduced so the difference between the two loaded areas increases. 
In the case of the trial the scale effect is such that the use 
of a rectangular load distribution will produce an overestimate 
of the immediate settlement.
Finite element and centrifugal model techniques will be 
discussed in a later section of this chapter.
7«3*2« Long term settlement
Bjerrum (1972) discusses the ’preconsolidation effect' on 
settlement and its importance in prediction of values for settlement.
As mentioned in Chapter 4 the alluviums exhibit overconsolidated 
behaviour but it was not possible to quantify the degree of 
overconsolidation. It was with the exception of one case, impossible
to determine a value of pQ from the e : logp curves obtained from
the oedometer tests carried out as part of the site investigation.
Unfortunately the borehole from which the exceptional sample was obtained,
was some distance from the site of the trial and after comparison with
other data obtained in the vicinity of the trial was not considered
typical of the trial site. It is therefore not possible to examine the
preconsolidation effect at this site.
From the data presented in the site investigation two curves
were produced which have been reproduced as figures 2.2 (or 4*9)
and 2.3 (or 4.10) and are plots of compression index against moisture
content and coefficient of compressibility against depth. These
curves were used to obtain values of C and m, below the trialc v
embankment, and the settlement was then calculated based on each 
of the following classical expressions
p - 5~z Cc logfeo + ,. . . .. -■., .7.a
. r T r T T J  I p • J
and ^  " 2  z mv Ap ......... .7*5
where z is the layer thickness
e is the initial void ratio
p^ is the effective overburden pressure
and Ap is the increment of applied load.
Typical calculations are given in Table 7.2 and the results of these
calculations for Sections 1,2,3 and 4 are plotted in; figure 7•16. Values
of Ap were taken firstly as constant with depth and secondly as varying
with depth; in the latter case Jurgenson (1934) was used to calculate the
appropriate value of A p  . As can be seen and contrary to expectation
the two methods of calculation give different values. This result
is due entirely to the quality of the parameters used in the calculation.
As mentioned previously values of C and m were taken from figures 2.2 andc . v
2,3 (or 4.9 ■■■■an.d 4*tO) and it is considered that the curve for Cc against . 
moisture content gives a more precise estimation of the relevant parameter 
than the curves of m^ against depth. The mean profile for m^ against
depth is given for each soil type in the alluvium and as there was some
difficulty in differentiating between the various layers with any degree 
of precision, the quality of m^ extracted is not as good as that for 
C . These predicted settlements do not include an allowance for the 
immediate settlement. Also included in figure 7*16 are the measured 
settlements and it should be remembered when examining the measured data 
that the settlement process was not complete when the last recorded
readings were taken, similar calculations were made at other locations 
along the length of the bypass and these are shown in figure 7*17 
where settlement based on mv is plotted against the corresponding 
settlement based on Gc* Also shown are points representing the 
settlement for each section calculated by both methods using constant 
and variable values ofAp. The results for Sections 1, 3 and 4 conform 
generally with the scatter obtained for the other locations, and 
the results for Section 2, with the greater depth of fill, would 
appear to be more in error. However these settlement figures can be 
increased by the predicted immediate settlement based on Janbu et al 
1956, (figure 7*14*) The effect of this increase is to move the points 
parallel to the 45° line shown dotted in figure 7*17» and on which 
all points should have fallen if compatible parameters had been used.
Such a movement would reduce the percentage error of the various points.
It would appear from figure 7 , ^ ^ ,  that for the stable heights of 
fill, i.e. Sections 3 and 4s either of the calculated values are in 
reasonable agreement with the measured data, which agreement can 
be improved, of course, by the addition of any calculated immediate 
and secondary settlements. The measured settlements given in figure 7*16 
for Sections 1 and 2 include the shear movements which occurred 
during failure and are therefore in excess of the actual settlement 
of those sections. A factor that precludes the drawing of any firm 
conclusion based on the evidence of this trial is the lack of 
knowledge on the ultimate settlement and the time period necessary 
for this to occur. Even when the embankment had to be removed for the 
construction of the bypass,about 2-J years after the commencement of 
the trial, settlement had still not finished and v/as still following 
a steady rate on a settlement - log time plot, as shown in figures 7*1 
to 7.8. and 7*10 to 7*13*
As data wetf-c available for the consolidation of the three basic 
layers, it was possible to examine their behaviour within the limitations 
of the measurements obtained. Using the two previous methods of 
predicting settlement, i.e. equations 7*4 and 7*5* calculations 
were made for the individual layers. The results of these are plotted 
as settlements per unit thickness of layer against embankment height 
in figures 7 • ' I Q  to 7 , 2 0  for the upper alluvium, peat and lower alluvium 
respectively. The measured values for the settlement per unit thickness 
of layer are also given. In the case of the peat, values of CQ
were not used because of the shape of the e - log p curves obtained 
from the oedometer test. The values of m obtained in this instance
were considered more compatible over the range of load applied than 
values of Cc* It is interesting to note that the biggest variation 
between the results obtained from the two prediction methods is apparent 
in the upper alluvium in which the greatest range of different materials 
was present# Based on the measured values obtained, the upper and lower 
alluviums behave in a virtually i.dentical manner.
Figure for the upper alluvium would indicate that the values
of m used give a closer approximation to the ultimate total settlement.
Again the predicted immediate settlement has not been included in
the predicted settlement based on m and C : such an inclusion wouldv c
effectively raise the two sets of curves. The use of mv for the peat 
as can be seen from figure 7*^9» gives an underestimate of the settlement, 
as does its use for the lower alluvium, figure 7*20. In the latter case 
it would appear that the values of settlement based on Cc give the 
more accurate assessment.
The analysis of the individual layers demonstrates the sensitivity 
of the methods of prediction to the basic parameters used, i.e. m or 
Cc* The measurement of these parameters must therefore be made with utmost 
care.
7•3* 3• Stress path method
An alternative method of calculating settlement is the use of 
the stress path method (Lambe,1964 and 1967), the procedure is also 
given by Lambe and Whitman (19^9)• The method as applied to settlement 
prediction consists of four basic steps:-
i) A number of points are selected beneath the structure;
ii) for each of these points an estimate of the stress path
for the loading imposed by the structure is made;
iii) laboratory tests are next carried out following the 
estimated stress paths; and
iv) the strains measured in these tests are then used to estimate 
the settlment of the structure.
It is not possible to comment on the method as the necessary 
laboratory tests were not carried out.
/ • ? * 4  Jttaxe q i u o n s o n a a x io n
An important factor that is required when examining the behaviour 
of earthworks or structures founded on deposits similar in nature to 
those found at King’s Lynn, is the time period over which a given 
percentage of consolidation occurs. This time period is known as 
the rate of consolidation or sometimes more loosely as the rate of 
settlement. With multi-layered strata the process of prediction 
becomes complex and it is not the intention in this thesis to deal 
with consolidation in detail. The incomplete nature of the data obtained 
largely rules this out and it was apparent from tMs&data that the 
settlement would continue to occur for some time after the final 
measurements had been made. This factor therefore obviates the possibility 
of comparing total predictions with measured parameters but it is 
possible to examine methods of prediction and to compare the results 
with the available measured data. In the context of this section of 
the thesis it will be assumed that a single layered material is 
being considered. The justification for.this assumption is derived 
from the fact that the settlement and pore water pressure measurements 
and also some laboratory tests show the peat to be behaving in a 
similar manner to the alluvium. Double drainage will be assumed 
to occur, being apparently justified since a trend for double 
drainage is indicated by the dissipation curves figures 5*20 to 5.2$.
The basis of the estimates for the rate of consolidation will be the 
expressions-
The time factor T is related to the degree of consolidation U.
Curves are given by Terzaghi and Peck (1967) for U against T for 
various loading conditions: these curves are shown in figure 25•4 in 
Terzaghi and Peck and are not reproduced in this thesis. The loading 
that approximates to the conditions at the trial embankment is given 
by curve C^ . The prediction of the rate of consolidation essentially 
becomes the substitution of the appropriate values of c • in the 
expression 7*7* Table 7«$ shows the results of such calculations 
using values of c measured either directly in oedometer tests or 
indirectly from field permeability tests using the relation;-
7.7
c. k
7.8v
where V is the unit weight of water yuw
a i urbnei: iiietnoci 0 1 esximaxing c is xo use tne dissipation curves 
for the excess pore water pressures. Values of T have already been 
assessed from such curves and have been given in Table 5.2. The values 
of c^ and the rate of consolidation using the dissipation curves 
are given in Table 7*4* Both of the tables give the times for 70%,
80% and 90% consolidation and appropriate values of T at these 
degrees of consolidation were obtained from figure 25«4> Terzaghi 
and Peck (1967)*
Comparing appropriate values given in Tables 7*5 and 7*4> it
is evident that the values of c , which are for the same material,
V 2 vary considerably, with an overall range between 0.5 and 27*9 m /year
It is also apparent that the calculated values of t are sensitive
to changes in cv* This factor can particularly be seen in Table 7«4*
for the triangular initial distribution, where c changes from 3.1 to
2 V 2.0 m /year and t changes from 1088 to 1693 days.
On the available data it is possible to conclude- that the time
for consolidation would appear to be more accurately obtained from .
an examination of pore water pressure dissipation rather than based on
laboratory or insitu tests. This is in disagreement with Raymond and
Azzouz (1970), with respect to predictions based on insitu measured
permeability. The conclusion of Raymond and Azzouz is that the insitu
coefficient of permeability gives results for extremely compressible,
soft, low strength soils that compare as favourably with field rates of
consolidation as can be expected. As seen in Table 7*3 the rates of
consolidation so obtained indicate a considerable scatter and therefore
cannot be relied on, particularly as even the highest value given
would appear to be an underestimate of the time for consolidation.
It has been shown that the excess pore pressure distribution
approximates to a triangular distribution and the assessment based
on such a distribution would appear to be more realistic than that
obtained from other methods. Even so it is necessary to continually
re-examine the rate of consolidation as data arc obtained. It is not
possible to give a more precise conclusion since, as previously
described, the settlement process was not complete when the last
measurements were taken.
7.3.5. Secondary Consolidation
Typical values of the coefficient of secondary consolidation
G have been given in Table 4«5» where C is defined as the sec sec
compression per secondary log cycle per unit of original thickness 
under the overburden pressure. The variability of the values given
for C make the determination of the secondary settlement a littleS6C
uncertain. However to give an indication of the order of magnitude 
of secondary settlements the following values will be assumed.
Peat
Organic and Peaty clays 
Clay with rootlets 
Silty clays 
Silts
These when applied to the layer types and thicknesses given in Table 7.2 
give a predicted secondary settlement of 0.06 metres per log cycle.
It is difficult to determine the accuracy of this prediction due 
to the incomplete data available. The generally accepted definition 
of secondary consolidation is as follows:
'•The slow continued compression that continues after the excess 
pore water pressures have substantially dissipated is called 
secondary compression."
Therefore on this basis it would seem reasonable to add to the total 
settlements calculated previously, a secondary settlement corresponding 
to two log cycles, i.e. from t = 1000 to t = 10000 days which is 0.12 metres. 
It would appear from Table 7*4 that the time for a 90% consolidation 
is of the order of 1700 days, therefore the assumption would seem 
reasonable. As mentioned previously, however, it is considered 
that secondary settlement occurs in conjunction with the other types 
of settlement.
At this juncture it is worth noting the types of settlement 
or compression defined by Bjerrum (1967)* Settlement is divided into 
two components:
a) an 'instant compression' which occurs simultaneously with 
an increase in effective pressure and causes areduction
in void ratio until an equilibrium value has been reached.
b) a 'delayed compression' representing the reduction 
in volume at unchanged effective stresses.
0.04
0.01
0.005
0.003
0.002
7.4 OBSERVATIONAL METHODS OF PREDICTION
7.4.1• Introduction.
During the construction of earthworks, particularly multi-stage 
earthworks, it is useful to be able to predict settlements that may 
occur at various time intervals after the application of any particular 
loading condition. The methods described previously have not shown the 
accuracy required for site control of the works except perhaps for 
the rate of bonsolidation based on observed excess pore water pressure 
dissipation. The predictions for settlement give the order of magnitude 
but as has been shown are sensitive to the parameters obtained from laboratory 
tests. The effects of this sensitivity can be accentuated when deposits 
of complex nature and variability are encountered, such as the alluviums 
at Xing's- Lynn. A reasonably accurate method of prediction would be 
of considerable advantage, in particular in such circumstances as 
the control of the construction of earthworks and ancilliary structures 
such:as bridgeworks. One example of the use of such a method would 
be to assess the time period for which surcharging loads should remain 
in place; it could be contractually advantageous to remove the 
surcharge before the full consolidation period given in the contract 
documents had elapsed. A further example would be the estimation of 
settlement of a bank seat abutment of a bridge deck which would enable 
the constructional level to be determined in order to allow for 
subsequent settlements.
It was therefore considered necessary to try to establish such 
a method and with some simplicity to enable its rapid application 
on site. The data from the various settlement gauges wcr£ examined 
very carefully. It was felt that any method evolved should be based 
on observations of settlement. A number of curves of various types 
were fitted to the data with the results which are reported in the 
following sections. Two basic approaches were attempted: firstly curve 
fitting based on actual settlement, and secondly curve fitting based 
on settlement rate. It is perhaps pertinent at this stage to define rate 
of settlement and settlement rate as used in the context of this thesis: 
i) Rate of settlement, or rate of consolidation: is the time
period during which a given percentage of consolidation occurs*
J.c. ttye. average rate of scfctlctipcpt f o r ffiur) of.Cotflolid
ii) Settlement rate: is simply dp dtior).
dt~
where p is the settlement that occurs in the time period t*
_!(£. ttyk i9Star)t99&oos s)op£of : t\r*)<L__corvfc. _ ___
Y*4»2 Method based on settlement.
Three basic types of curve were fitted to the data using the least 
squares method of linear regression with rectification. Non-linear 
relationships were thereby transformed to straight line relations to
simplify handling of the data. The curves used were parabolic, power
and exponential of the basic formj-
2
Parabolic: y = a + bx + cx 7»9*
Power.: y = ax 7*40
bx
Exponential: y = ae 7*11
where y is a function of settlement
x is a function of time
and a, b and c are constants
Figure 7*21 shows these three curves fitted to a typical set of data 
where settlement plate level has been plotted against time. As can 
easily be seen the parabolic form proved to be an unsuitable shape 
for extrapolation purposes and consequently only the other two curves, 
equations 7*40 and 7*11» were investigated further. Figure 7»22 shows 
the power and exponential curves fitted to data for Section 3» gauges 
S 301 and S 302. As can be seen the fit of the power curves is better 
with the earlier points plotted rather than the later, whilst in the 
case of the exponential curve the opposite occurs. The overall degree 
of fit is represented by the various coefficients of correlation, 
given in figure 7»22. Values of coefficient of correlation are shown 
in figure 7 « 2 3  plotted against the number of degrees of freedom for 
V/o and 5% levels of significance. The curves given in figure 7*23 relate 
to two variables and are based on Neville and Kennedy (1964)* Reference 
to figure 7 . 2 3  shows that the coefficients of correlation obtained in 
the curve fitting exercise given in figure 7*22 are relevant to a 
fit better than a 1% level of significance. Notwithstanding the excellence 
of fit obtained statistically it was considered that a better fit for 
extrapolative purposes could probably be obtained by ignoring the 
first part of the settlement curve. It was arbitrarily decided to 
ignore the points up to 50 days after filling was completed. The 
results are shown in figure 7«24* On comparison of figures 7*22 and 
7•24 it can be seen that the latter presents a statistically better 
fit then the former. However on closer inspection, both sets of
curves in figures 7*22 and 7.24 tend to deviate from the later 
points and this is particularly the case for the power curve; any 
extrapolation of the curves would therefore tend to exaggerate 
the deviation thereby detracting from the reliability of any prediction.
In view of the shape of the power curve, with its upward curving 
tendency, it was considered that this function was unsuitable for 
predictions requiring extrapolation of the curve.
As the next stage, settlement plate level was plotted against root 
time and: exponential curves were fitted. As before a better fit was obtained 
if the first readings, for which the settlement occurs at a more rapid 
rate, were ignored. Again the arbitrary figure of 50 days was selected 
and figure 7*25 shows a typical result for the same tubes as are given 
in previous figures i.e. S 301 and S 302. As can be seen a very good 
degree of fit was obtained, particularly for the individual curves, 
with coefficients of correlation of 0.998 and 0.999* whilst the 
combination of the curves has an overall coefficient of correlation 
of 0.834. Reference to figure 7*23 shows that again the fit is better 
than a 1% level of significance. Extrapolation of the curves given,
L = ' 2.664 e - .......... ?#12
and L 2.580 e “ 0,00821'lt....... ......7.13
proves to be good when compared with recorded readings. For example 
the last reading obtained for S 301 was at day 737 showing a settlement 
of 0.803 m and for S 302 measurements at day 737 showed a settlement 
of 0.868 m and at day 8J6 gave a settlement of 0.890 m. Zero time 
in figure 7*25 corresponds to day 13» thus the appropriate values 
of time to substitute in equations 7*12 and 7*13 are 723 and 862 days 
respectively. Substitution of these values gives a settlement plate 
level of 2.155 ra for s 301 and for S 302 of 2.069 m and 2.027 m 
which correspond to settlements of 0.845 m, 0.931 and 0.973 m respectively. 
The predicted values therefore overestimate the measured settlement by 
approximately 5% at 723 days from the data for S 301 and 7% at 723 days 
and 9% at 862 days for S 302.
The slope of the curve of settlement against root time should 
ultimately flatten out as settlement ceases. Unfortunately as discussed 
previously in this chapter, sufficient readings were not obtained to 
establish the point at which any such change in the curvature for these 
soils occurs, always assuming it does in fact take place. It would appear
on the evidence available that the fitting of an exponential curve 
to the latter part of the data enables a reasonable prediction to 
be made and it is considered that extrapolation beyond say five 
years must be suspect and that an error of the order of 20% should be 
anticipated.
7.4.3. Method based on settlement rate.
In an attempt to improve the accuracy of the predictions, the 
settlement rate or  ^P was examined firstly in relation to root time. 
Figure 7*26 shows the^result of fitting an exponential curve to the data 
for gauges S 301 and S 302, the resulting plot shows some considerable 
scatter of the points. This scatter is reflected in the values of 
the coefficient of correlation which are lower than those achieved in 
the previous section, but reference to figure 7.23 shows that the 
degree of fit is still considerably better than a 1% level of significance.
It was found that a better fit should be obtained by using log t 
rather than root t as shown by figure 7,27* It is interesting to 
note that the exponential form of curve fitted, equation becomes:
_ a log t 
dt ~
dp ,cor J  = a t i.e. a power curve,
where c = ^ 'I n  10
b
2.3026
Figure 7*27 shows the curve fitted to data from S 301 and S 302, with 
an improvement from the root time case in the values of the coefficient 
of correlation. The predicted settlement can be obtained by integrating 
the equation of the curve over the time interval required.
As a check on the accuracy of this method, the data for S 302 was 
examined in more detail. The basic curve was fitted in four stages the 
first up to day no. 136 i.e. 108 days after fill, next up to day no.234 
i.e.206 days after fill, then up to day no.306 i.e.332 days after fill 
and finally up to the last available measurement which was taken on 
day 876 i.e. 848 days after filling was completed. The results of this 
examination are shown in figure 7*28 which shows how close the four 
curves are, two in 'fact are virtually identical. Examination of the 
data from other settlement gauges showed similar excellence of fit.
The ability of these curves to predict settlements was then investigated and
Table 7*3 shows the typical results obtained. Results are given 
for the predicted settlement obtained by integration and these can 
be compared with the measured settlements obtained. The results derived 
by integrating the curves from the time when filling ceased, can be 
seen to be considerably in excess of the measured settlements, and 
figure 7.29 also shows this factor. It is interesting to note however 
that the prediction curves rapidly became almost parallel with the 
measured curve. By integrating the curves firstly from day 50 and 
then day 108, both after filling had been completed, the predicted 
settlements for the periods commencing at these times were obtained 
as shown in Table 7*5 and figure 7*29* As can be seen the predicted 
and the measured curves show remarkably good agreement: the error 
range from the measured value, at 848 days after filling was complete 
is approximately + 0.025 ni to - 0.030 m for the predictions from day 
50 to day 848 and approximately + 0.005 m to - 0.01 m for the predictions 
from day 108 to day 848, i.e. + 7*5% to - 9% and + 22% to -4% 
respectively. The error range decreases when the total settlement 
is considered rather than the increments of settlement that occur 
during the time period under consideration. Table 7*6 and figure 7*30 
give the total predicted and measured settlements for gauges S 302 
and S 301. The extrapolation of the curves has been carried to 5> 10,
20, and 30 years to give an indication of the likely accuracy of such 
extension. As can be seen the trend given by S 301 follows that of 
S 302 and both would appear to be accurate to within about 15% at five 
years. Extrapolation beyond this point without additional observations 
to improve the curve fitting can be seen from figure 7*30 
to be inadvisable. It is interesting to note that the prediction obtained 
for S 301 by fitting the curve from the day filling ceased, gives an 
underestimate rather than the considerable overestimate given by the 
S 302 data. It is considered that this is due to the rapid changes 
in values that occur during the initial period after completion of the 
filling of the embankment. It is therefore recommended that the use of 
this method be limited to predicting settlement that occurs subsequent 
to say 50 days after completion of filling. The predicted total 
settlement can be simply obtained by adding to the prediction the 
measured settlement that occured at the commencement of the prediction 
period, (i.e. at the 50th day). This procedure will overcome the problems
associated with the initial portion of the curve.
By plotting the predicted and measured total settlements as in figure
7.30 indication of the confidence in the extrapolation can be obtained.
For example figure 7»30 shows by comparison of the predicted and 
measured curves that a better long term prediction i.e. beyond 
five years >is obtained from the analysis of the data from S 502 than 
for S 501. It is considered that predictions based on S 302 could be in- 
error by only about 20% at thirty years after completion of fill, 
whilst S 301 could be up to as much as 40% in error. This demonstrates 
the danger of extrapolation without careful comparison with available 
measured data.
It is perhaps pertinent to say a few words on the method used for
the curve fitting. A standard statistical curve fitting and plotting
program was written for a Hewlett Packard 9100 B with a plotter
dpattachment. The value of f was obtained by taking two adjacent
at
readings and calculating the slope of the straight line joining the
two points. The value of time was calculated as the mean time of the
two points i.e. if the levels of the ground plate at t and -t
were L and L . m n »
then §JL = L - L-1*1 mdt m n
t - t n m
and + = t + t* m n
A routine written into the program ensured that was always positive
aT
by testing that Ln - Lm was .positive, if negative the value of
L' was ignored and LQ the next value was used. It is appreciated that
this is only a crude method of ensuring t h a t ^ . was positive, but it
was the only one that could possibly be used due to the limitations
imposed by the machine. A program is at present being written for
an ibm 370 computer in which three points joined by a circular arc
dp
are being used to obtain *Unfortunately problems arise particularly
when poor quality data used, e.g. when the curvature obtained is concave
dp
upwards which can give rise to a negative value of JjT. The program 
consequently needs some considerable amendment before it can be used 
satisfactorily.
7.4.4. Discussion.
The results obtained from calculations based on the two observational
methods described, reveal a probable tendency for extrapolated 
values to overestimate the actual settlement by up to as much as 20%.
On the basis of such a trend it would appear to be imprudent to use 
either method beyond say about five years with any degree of confidence. 
Owing to the necessity to remove the trial the methods could only be 
tested against data extending for a period of approximately 2^ years 
after the completion of the trial embankment construction. It is 
anticipated that further data will be available in due course 
from settlement gauges installed for monitoring the main bypass 
works to enable further testing of the methods*
The results given in the previous parts of this section, show 
that both methods were not sufficiently sensitive to model the 
behaviour during the early stages of the settlement process, when 
major changes in the settlement pattern occur. It was found that best 
results could be obtained with the first method by ignoring the 
first 50 days of readings before fitting the curves, and this period 
may vary with other soil types. In the case of the second method 
the settlement prediction obtained by integration of the curve 
between time limits was found to be more accurate on comparison 
with subsequent measured values. For instance, when the curve was 
integrated from the 50th day after completion of filling to the time 
at which the prediction was required, and when the measured settlement 
oP the 50th day was added to this figure,this increased accuracy was 
demonstrated. After the initial period of 50 days, both methods reflected 
the measured behaviour with a good degree of accuracy over the range 
of available raeasured data. Thereafter it appeared that a trend 
for an overestimate of the settlement was indicated, up to about 
20% from the first method, using a settlement/time relationship 
and about 15% for the second from a settlement rate/time relationship. 
Both of these estimates were for an extrapolation up to five years after 
construction was completed.
It would appear from attempts to refine the second method by 
calculation of based on three consecutive points,that the calculation 
is very sensitive to the quality of the measured data. The
development of the settlement rateslog time method is still being 
undertaken and it is unfortunate that this has not been completed in 
time for inclusion in this thesis. The major factor in the delay 
has been a change in the computer installed by the County Council from 
English Electric 4:30 to an IBM 3^0; this change has meant that the 
time available for program development has been curtailed.
As mentioned previously, the period of 50 days before curve fitting 
was commenced was selected arbitrarily and also as the result of a 
certain amount of trial and error in the regression process. The intention 
of this trial and error process being to achieve the best degree of fit 
for the curves with the minimum amount of data omitted from the regression 
analysis. Nevertheless some support to the justification of the 50 day 
period can be obtained from the examination of the changes in the insitu 
permeability measurements taken subsequent to the completion of the 
filling of the embankment. As reported in Chapter 4, the permeability 
values obtained indicated that a 50% reduction occurred within some 
40 to 50 days after filling had been completed.
The use of an exponential curve does have one disadvantage in that 
the curve becomes asymptotic with the time axis, therefore there will 
be a limit to the extrapolation due to the curve form, particularly 
when long term predictions are being contemplated. It is considered 
however that the extent of the extrapolation recommended lies within 
the ability of an exponential curve to model the settlement process 
in this instance.
7.5* OTHER METHODS OF PREDICTION
7.5*1 > Introduction.
This section briefly considers the results of J. Endicott and 
B. Simpson, both postgraduate students of Cambridge University.
Endicott as mentioned previously, carried out centrifuge tests on samples 
obtained adjacent to the site of the trial embankment. The work was 
reported by Endicott (1970) and (1971)* Simpson’s approach was by 
finite element analysis and was reported by Wroth and Simpson (1972) 
and Simpson (1972).
7.5*2. Finite Element Method.
The settlements predicted by the finite element method are a 
shown in figure 7*31 which consists of figures 3 and 4 reproduced 
from the paper by Wroth and Simpson (1972). As can be seen from the data 
available at the time the reference was prepared, a very good degree 
of agreement with the measured settlement was apparently achieved. It 
is now apparent than an appreciable amount of settlement would have 
occurred if the embankment had not been removed. It would therefore 
appear that the prediction of settlement achieved by the finite element 
method was not as successful as had at first been thought. The reference 
comments "Further displacements after 700 days are thought to be due 
mainly to secondary consolidation" and concludes "Secondary consolidation 
will be considerable in the organic clays present at King1s Lynn and 
it is not included in the behaviour modelled in the present program. 
However, other workers in the field of finite elements have successfully 
modelled problems involving creep behaviour".
It is difficult to comment on the results of finite element analysis
without a full knowledge of the program used in the analysis. However ,
the values of soil parameters used in the calculation are fundamental
to the method and examination of those used by Wroth and Simpson warrants
some comment. The values of 0 chosen, 31°, 46°, 31°, and 34°, vary with
each assumed layer; it has been shown in Chapter 4 that the triaxial
test results when combined on a p q *  diagram show that a value of
31° 20* is applicable to all;layers. A constant value of KQ of 0.8 was
also used however the later work of Wroth and Hughes (1973), discussed in
Chapter 4, shows that K0 reduces with depth, figure 4*35* Wroth and
Simpson state "The main parameters, C ■ 0», c and T reauired for the
° s
computations were all derived directly by averaging values from the
site investigation report". In view of the variation in the characteristics
of the site of the bypass, it is not known over what area the finite 
element parameters were obtained, but for example by reference to Table 7*2 
values of CG are given based on the curve given in figure 4«9» which 
are at variance with those used in the finite element analysis. It 
is not known what the effect of amending the values of the parameters 
would be on the accuracy of the prediction and it is considered that 
despite the problems discussed above the finite element method has 
considerable potential. In similar cases to King's Lynn where considerable 
long term settlements can be anticipated, it is essential that the 
secondary consolidation behaviour is included in the model.
7.5.3. Centrifugal Testing.
Block samples were obtained adjacent to the trial embankment and 
a purpose-made sample box was used to obtain them. Two models were 
built using these samples,one with sand drains and the other without, 
and these were tested on a centrifuge. The results obtained gave a very 
good prediction of the behaviour of the trial embankment• The settlements 
at 264 days were accurately predicted by the model although the 
immediate settlement predicted was in error, typical results are 
given in figure 7*32, which are reproduced from L.J.Endicott's thesis (1970).
It would therefore appear to be a reasonable proposition to use 
centrifuge techniques to predict the behaviour of full scale earthworks, 
although it is suggested that the application of such a technique must 
be carefully considered. Such testing is expensive and therefore must 
depend to a considerable extent on the quality of a relatively small 
number of samples. If the soil properties are homogeneous throughout 
the site then this method should present few difficulties and can be 
applied for a reasonable cost. If however the conditions are variable, 
as at King's Lynn, then in order to fully utilise the technique to 
model the behaviour of the whole site, a large numer of tests would be 
required at some considerable expense.
7.6. SUMMARY AND CONCLUSIONS.
It is -unfortunate that due to the removal of the trial embankment 
for the constructional requirements of the main bypass works, the 
monitoring of the settlements was apparently curtailed some considerable 
time before consolidation had ceased. However some conclusions can 
be drawn from the limited data that w.^ ra obtained.
The measurements showed that after a period of some two and a 
quarter years from the construction of the embankment, settlement 
was still taking place at a sensibly steady rate. This was clearly 
demonstrated on both a log time plot and a root time plot. Therefore 
it would appear that settlements of the completed works will occur 
for some considerable time after construction, a factor which indicates 
that there could be a major maintenance commitment involved in the early 
life of the completed works.
A significant factor revealed by examination of settlement and 
lateral displacement data showed that the settlement may effectively 
be considered as a one-dimensional phenomenon, contrary to expectation 
in such compressible materials.
The prediction of settlements was next examined. This is one 
aspect that cannot be fully quantified due to lack of knowledge 
of the ultimate settlement that would have occurred below the trial 
embankment if it had not been removed. However sufficient evidence 
was available to show that the immediate or elastic settlement could 
reasonably be predicted using either of the methods given, with values 
of Young’s Modulus obtained from carefully executed triaxial testing 
using good quality samples.
The preconsolidation effect described by Bjerrum (1972) was not 
examined, even though the alluviums exhibited overconsolidated behaviour, 
as it was not possible to determine the preconsolidation pressure from 
the oedometer test. It was also impossible to establish a value by any 
other means.
Values of long term settlement were obtained using either values 
of compression index or coefficient of compressibility and compared 
with the recorded settlements of the trial embankment. Values of these 
two parameters were obtained from curves derived from the site 
investigation, and were therefore mean values. Despite the variations 
in the materials examined a good correlation was obtained between 
C and depth (figure 2.2 or 4*9) and. also between ra and depth forC V
the various materials. Contrary to expectation, this approach 
yielded differing predictions arising, it is believed, from the
variable quality of the parameters, values of mv being considered 
more suspect than those for Cc»
By combining this calculated value of the long term settlement 
with predictions for the immediate and the secondary settlement, a 
value for the total predicted settlement is obtained. The value obtained 
in this manner approximates to that given by the settlement rate 
observational method on extrapolation of the curve to ten years after 
completion of the embankment. As discussed previously, the observational 
method shows a tendency to overestimate the settlement, therefore it 
would appear in the limited evidence available, that the calculated 
value gives a reasonable assessment of the ultimate settlement that 
may be anticipated.
The main conclusion that can be drawn from this work is that it is 
possible to obtain reasonable predictions using parameters obtained 
from carefully controlled laboratory tests carried out upon high 
quality undisturbed samples.
The prediction of the rate of consolidation from parameters 
obtained from laboratory or insitu testing was shown to have insufficient 
accuracy due to the considerable variation in values of the relevant 
parameters obtained from the various tests. A better assessment was 
obtained using an observational method based on the dissipation of 
excess pore water pressures and comparing this with standard dissipation 
curves.
Two methods were given to predict the settlement that would occur 
in a given time period. The ability to obtain such predictions is 
of some considerable advantage for constructional purposes. The 
methods are based on fitting a curve to the measured data and the 
extrapolation of the fitted curve to obtain the necessary prediction.
The first method evolved was the fitting of a curve to a settlement: 
time relationship. It was shown that extrapolation up to five years 
after construction could give a prediction within 20% of the measured 
when an exponential curve was fitted to a settlementsroot time 
relationship.
A slightly better prediction with an error of about 15% was 
probable with the second method with extrapolation up to five years.
log time relationship, giving a curve equivalent to a power function.
It is considered that both of these observational methods could 
be of some considerable use in the control of the main constructional 
works and the likely accuracy obtained from either is within acceptable
In this case an exponential curve is fitted to a settlement rate
limits.
Comment was made on the use of finite element and centrifugal 
techniques and it was considered that both techniques had potential*
In the case of the finite element technique it was considered that the 
model used should include for secondary consolidation* Centrifugal 
testing modelled successfully the trial embankment situation but it 
was suggested that where there was some considerable variation in 
the properties of the deposits as at King’s Lynn, the method would 
become excessively expensive due to the large number of tests that 
would be required. It was suggested that the technique was more 
applicable to sites where the deposits were more homogeneous.
A comment by Lambe (1973) from the Thirteenth Rankine Lecture, 
is of interest. A test embankment known as the Northeast Test Embankment 
is being discussed:
"Sophisticated analyses: as shown by the comparison of predicted 
and measured initial settlements, the engineer should not be influenced 
by the sophistication of his prediction techniques. The simplest 
technique employed gave the most accurate prediction of initial 
settlement for the Northeast Test Embankment".
3
3
A- LA LA
3  3  2t « #
o o o
A- CO A- CO
CO LA r- c\lC\J CM CO CO• • • •
o o o o
3
3
I
C£3
■3
3
coO
CMO
3
i
c&3
0-3
I
CMo
CM
O
O
3
03
I
r*o
3
o
CMo
J -  CO I_r\
4CM LA *—
• • o
t- t— CM
& 3 34  ^  On 
• • •
o o o
On On 
r o  CM O r- •
O
CM
-4
O O
3CMVO CO CM
t— On CM
• • •
O O *—
On
a
CM .4 "LA CO .4 • •
O O
"LA CM 
A - CM
-4
O
VO
ON
CMIN-
CD O
CM ON ON
VO 1 A  VO 
CM VO On
CO CO 
CM co  
CM A -
CM CO 
A - On 
CO v o
CO CO 4  4
CM v- 
On O
1A O CO CO 
VO CO
P3 P4 P3
O  J  CN 
CO On T -  CO
CM CM fO  c o« • » »
o o o o
VO C— IN- COCO CO CO r-O CO VO oo
• • • •
CM CM CM CM
r- ON "LA CO "LA VO
t- ON 
CM C c— r—
o o c o
CO C— vO 
CM E— O 
CM _ 4  r -
A-r—
oo
»  €CM CO
O CO A- O 
-4
CO CO 4  4
-p03
g
CD
rH
rQ
cd
H•H
%
cd
to
5a>rO
-PO
G
cd
■§■rJ
o
-p
A - A - o A - A - _ 4 <i— SSCO CO _4 *
co A - ON
A - O CM co A - to X5• • • • • • •
o T— M— CM CM CM CM CD
to
•r-lft
T3<D
-P
•rl
-Pmo
to oj CD Tf 
•P
cd U 
o cd
3 ^  
.3 3
kT S3^  ft
4
•acd
1
fto
<D
-P
CDft
CM.
■5
<Dt-i
cd
to
cd
cd
-4
CM
O
3 3o•
o
CO CO CM On
O
w  S
VO A- O n vOCO CO CM_4 LA lO VO • • • •
o o o o
CO
0o
S3
co LA A- 
CM CM CM
CM
CO vO CM CM _4 vO O r-
o
S3
&
Q
CO
CM
f>s
cd
•4
<D
<D
t
oo
H
d
-fei_
SE
TT
LE
ME
NT
 
AN
D 
IN
CL
IN
OM
ET
ER
 
AR
EA
S 
FO
R 
SE
CT
IO
N
d  O
0  O CM CA i— CA o OnW CM CM CM O r — A --p cd Pi • • • • • •
§ PQ O o O O o O o O
pH
0
H
-Pn
d  >  
0  g o CA CA CM vO oo
0
co
to CM CM CM CM O o O n
0  Pi • • • • • • ♦
pq o o o O o o o O
Cud CK CM •LA CM CM CA'— a - CM O —^ A -
V,  f t • •  . • • • •CO
co
a -
co
VO
CO £
t—
oo
■LA
A -
>
d o
0 o CM -c t CA ,— T—
£
to CM CM C\J O x— oo
cd £ • • • • • •
" 8 pq o O o o o O O O
0
H
-P
-P
CD
d > 
0  g  ra OCM ■ a r —
vO
O
O n
O COOnCO 0  £ • • • • • • •pq o o o o o o O O
-p
Pi o o o o o o
cd CM CM CM CM CM CM
•£  »
•
co
•
CO
•
CO
•
CO
•
oo
•
OO
§ <
CO co CO OO OO oo
O
t>
ra
0
N
g 1 £ s
\r\
-p
CM Pi o O o to 0 vo
n O n •LA o A - CM CM 0 g «u
p<
• . • • • • £ ON
,— ON d o On •LA -p lA
t— CM 0 -£■ VO 0 •ra g H
0 rH& o *P •HA -
3
•LA -p .£o NO ra o CO On Pl HO
(I) • • Pl • • • 0 •H tHo o CM O O g 0 O
0
H-p •Pcd *P •P .£
CA H CO CA CM -P £ HOo 1A P On *— CM 0 0 •Ho • O • • • ra g 0o O rH
cd
o O o
H £
Is
O cd
•P
vu
rQ
-p
•H
VO On CM CA •LA A -
o
Eh w 3
\ CO 1 A •LA On VO CAIH CM_, • • • • • ' •
g CM O O O
CM co VO A- IA -£
w CM•
VO
•
O
• CA•
o• A=- . •
r_ T~ CM
HO
&
O rHo O
0
rQ 0
HO
ra ra d
•P -p •H
0 0 £
i—1 H 0
-P -P go O go o •H
Pi £ £  . Mo J>» J>5
•H Cd ,£ ,£  cd cd d
-P 1—1 -P -P  H rH 0
f t O •r l •H  O O £
•H
!>s
-p
|S |s L 0
£
O }>> -P f>s-P &
r£
-P
to H cd cd cd H g cd
0 •H i—1 0 i—1 *H CO 0
Q CO O f£ o w co
o
-p
co•H
-P
■s
•rH
HO
to
Po
o
Jho
cd
-p
£
•H
Eh
A- 
LP  OO O •On O
I I 
E=> Eh
CO
LR LA O • On l a
CO 0 O A-
I I
vo
*\ Pd•N
t=> Eh
CA pd
"fe^pj O •is- O la
1 1 La
t=> Eh A'
u
cd A
CD vo
i> !s ■ •
0  \ O
CO —£
TO
0 
,P
1
-Pw
cd
Eh
CA
•v
LA
<1)
H
rO
£
-P
to(I)
•p
Id
£o
Tl
CDO
Xo
a
CA
cd
CDU
cd
cd
•H
•P
5
•H&
H
•d
ss
ca
VC
5 ®^  CO
CA
VC
CA
CO
•LA 0 1A 
• V: •o  ^  p
co
<D
H
O
cd
Eh
-P
to
<0
-p
43
io
*8o
xo
5
O
•H
&
rH
H
cd
Jho
CD
txO
P
LA
O
4 3
CA O
A A A -
1—
T~*
CA
A-
O n
O
£  -PlA
• A  On O  O •• p  C^- 
CO CO
CD
rH
X
cd
EH
•H&H
H
cd
Jh
O
«H
CD
W)
CA
COCO _p -X^  CO
CM 0
S-S
CO LAIS- o o
• 43 r>!CO On
&l
'it
vO
S-S
o
VO
O
CO vo O oo • » •o ^
Pt
CD
343
xt
s p&pf o 
CA 
CD • 
fapd
«H M  O 
•H 4> 
CD «H 
M  .£ g C-- 
3 o  co 
Jh Jh • 
_  <HPdTJ
CD g (D 
fci
W)
•H
-P
S •H
*P fe CO P 
£ H  
O rHO
£ O
cd ^
O
•LACO
VO
VO
1A
LA O  (S- O
*- -rt
1A
O n
•
CA
VOO•
O
CA
VO
O
CD
>
faPO
y-S
ts-
vo
Ont—
v—1’
M
O
CDPl.
X)
P
cd
•H
X
tlD
cd
N
u
CD
Eh
•%
pd-•
LA
A
CD
u
P
Cut)
•H
£0
a
Xi
CDC
•H
cd
-P
XO
Eh
Cm  AO e
CQ
CDP 1
H
cd►> 43
• •
r— CM
£
1 A
VO
EC
CM
«Hc
$ I—I
CA
CO
O
Ec
TI
ME
 
FO
R 
VA
RI
OU
S 
DE
GR
EE
S 
OF 
CO
NS
OL
ID
AT
IO
N 
BA
SE
D 
ON 
LA
BO
RA
TO
RY
 
AM
D 
IN
SI
TU
 
TE
ST
S
rQ
o
g
CO o
CO •P •H u
w G -P ojo (1) cri CD
•H Tl
O «H •H
•H O rH
H-1 *H| O  CM .
«H W fci
H CD G
Eh O o l>M o o o
B
H
0
CO
H
O
W
CO
CO
w
P-T
Eh
<*
Wpcj
O
P-.
COCO’
W
O
X
PS
3
M
Eh
PS
Ofin
H
I I
t> Eh
oo 
tO. IA O •
CO O
I I 
t> Eh
to._^ 
O  » C— O
I I
£> Eh
*T3
CD
-P
•H
-P
CO
W
Pi
o  o
«Hl - p
* £CO O
r>; *H
cc? -P T5 «0 
TS 
-P *H 
H  
* O  
M  co 
S  C  
M  O  
Eh  O
O-
to . co
O  O
O ', o  
I I 
to Eh
CO 
V?. 1 A  
O •
CO o
I I 
{=> Eh
[>- O  
I I 
to Eh
—  ^  T3 O  
CD *H 
CO
a §•*
•Hi— I -p
'S
-P CO3 &
•H TJ 
-P 
S  W
Eh fxj cd EH P£J -H
1A "LA CA VO CN
CM CM C"- CO CMr— p- t"- <—
CA CA
1 A  1A
\ A  C—
"LA O n
i a  r—
CA CA
O n
CM
CO
CM CM
€
o
co
o
o
IA
r~*
•
o
CA
O
l>-
CA
O
oIA
O O  
*— 
CM
I A  On 
I A  « -  
CA NO
O n
c £
O
O
t A
-= t
A " CA CA
CA r -  CA
CM NO
F— C5
F~-
NO
CM f -  
O n j  
CM J -
ao
-p •HG -P G0) CtJ 3
•H ra -=t _d- I AO r•h  *H • • •
•H O  H CM •LA On
•h O  CM . CM 1—
•h m E
CD GO o >o o o
-=t ■ •
IA
IA
CA
O n
CM
O
O
O
On
O
OnIA
O
NO
NO
O
O O o O o
I A O o CM CM
r— CM P * O -
CM*
I A
CD
H
•§Eh
fi
O
6
■8
•S
ctf
-PrQ
O
1
o
ra
S
g
CM
co
13
O
£5
Eh
o
CM
£
NO
I
CM
oiu>
§  1 
; §  - p
• •
CA -d -
PO
RE
 
WA
TE
R 
PR
ES
SU
RE
CM
CO
K ra
co
5 ?
0
0
rH
p. O
E O
O A
O
H
d
«H CM
CA
G CA
0
-P
•h
0
m VO
!>5 O
0 CM
XJ
o
Eh
ooo
O
i n
rH
s? dKS *ri
cd •H  
TO
E 
o  
G
P"H
G
O
c
0
CO
0
EH
<3
CG
O
cd *=>
-P
G
•S
•3
«H
0
O
o
G
o
•H
•P
0
iH
0
fc
O
o
o
o
XJ
0
-p
s
fG fx<
X3 i>*
0 0 0 • 
f> - p ' d  o
h ^P  *H O  
O  CH  *P  ,
CM
U-J UN  (M
O n CA CA 
• • •o o o
a  50 4
A  On cm 
CO CM CM 
• • •o o o
_ H  O  CM
T A F - O
CO CM CM 
• • •o o o
A  ( A J -
v o  co  7 -F— *— *— 
• • •o o o
I A  t -  CM 
x— CA VO 
A  r -  O  
• • •o o o
ca On 
1 A V O  
VC’ O  
• •o o
03
I A
O
O  O  OO 
I A  O
A CA
VO C )
IA
CO CO
• •
o O
VC
CM
A
On
CO
A
O
CO
co
o
- 3
VO
CA
r- U\UJ
O n J -  CA 
• • •o o o
On A  l A  
CO CM "IA  
A  CA CM 
• • •o o o
_G  CM On 
vO O  CM 
A  c a  CM 
• • «o o o
i -  O n A
v o  On cm
vC *— x— 
• • «o o c
C A r -  A
0 _ = t v 0  
V O r -  O  
• • •
o  O O
_G  CM 
(A  A  
I A  O  
• •o o
CM
vo
- G
O  O  co  
UN O
A
H
O
On
co
•
O
CA
CM
UN UN T—
0 0  - G - G  • • •o o o
CM O n I A  
• A _ c t  A  
A  CA CM 
• • •
o  o  c
CM r -  vo  
CM CM _ G  
A  CA CM 
• • •o o o
T - 0 J
r -  O  CA 
VO CM r— 
• • •o o o
O  A  CA
i A _ r r  
i a T =  o  
• • •o o o
-G  O  
• •o o
ON
O
o
O  O  CO 
I A  O
vO O n
CO A
A O
A CO
« •
O O
A CO A l
V \ CM o
vO On vO
CO A CO
• • •
T T 1
8
On
O
CM
o
VO
CA
C\1 MJ UJ
On c a  
• « «o o o
CA (A  On 
O n c a  T A  
A  CA CM 
• • •o o o
v o  v p  CM
v o  O  CA
A  CA CM 
• • •o o o
CM CM vo
VO O  CM 
VO C\J r— * • •o o o
_ G _ G  O  
O  A
v 0  x— C  • • •
o  o  o
- G - G  
CA A  
NA O  • •
O  O
o
v o
O  O  CO 
I A  O
A
r—
• 5
o
o
CA
CM
VO
A
CO
1A O O  O ,  
On cm "IA  
G f A C M  
• • •o o o
CA vO A  
A  O  CA 
_ G  CA CM
• 9 •o o o
p  C A _G  
° 0  r -  _ rt  
CA CM t-  • • «o o o
O  CA _ 0
- GCA x— O  • • •o o o
v o  On 
CA VO 
CM O  
•  ' •o o
A
vO
O  O  CO 
I A  O
•P
Tj
O
-P
0
CM
-P -P
CD 
O  
H
rO O
■P
0
II H
TJ
0
$,
P
O
co
w
Eh
OAp.
=8
G
H
O -
II
O
0
G
0
rC
-P
Q>
•P
-P
0
CO
CM
I A
W
P i
CM CO CD VO O O CO On OnCO CO CO vO CO CO
CO On On "LA CM CM
CM
CO vO
C*- VO vo co On CJN 
• • •
r- O O
f  CM CMCO O Oco O O
C O IA O  CO ON On r - CD CO
c- T- VO -=t j— o <— On On 
• • •
«- C  O
CD ON00
o o
On cm co-Cf co<A CM CO OO 
• • •
T- O O
r- CO CO
vO vo vot-  CO co 
• • •
V- o o
CM O O 
On co CO[— CD CO 
• • •o o o
CO
voco
C— CO C— r— CO £■—f— co ooOn CO
o oo o
r -  CO OO 1ACO CO
vO vo vo • • •o o o
CMCOco o o
On vo r- 
O nO O  On r— C— 
• • *
c o o
O CO CO r— On On
t-  vo vo 
• • •
r- O O
CO co co On O On On C'- vo 
• • •
O O O
co
ON C— C"— 
• • •o o oCM
oo On^ CM CO ON VO 
• •o o
CM vo 
A - CO CO vo 
• •o o
On VO CM CO CA VO 
• •o o
CO
CO
CO
COOn COCO
IACM
VOinIA
M
O lO H tJ  
•H *rl 0) 
+3 cd 'h -P O 73 • ©
•H k rH
o o oIA O O O O IA O O O  O TA O O O oIA  O
CM
A)
VO
f-
3
£ C> H
f ig u re  Jm\
6  O J
i  n  !  I  t - t  M  T T U ft t & 1 0 2
F i g u r e  J.2
i l l
£
i-
t.
S tr T T l  b W E- H T T U ft E- 1 1  0 I
H g u r e  I )
rTrWIfTilT;i!i |T TF
-
a
i
n ::i:
:§
L _ L  n  L H  H  T J J L U -  s 3 0 1
Pig'urc 7.4
S ErTT I E- IA £• N J ] U fi E- S ) fl 2
F-igure . 7 .^
:*
H  T T l  E- W t - H ]  1 II H  S 4 D I
F ig u r e  J.(b
2 7 0
!;• W T IF ^ ^ T x rn ; i i : ' ; ; | t i iM iiil fHllhjl lHil l i 'Mlhninii l i '! !
H.
i_ t_ T _ T  L tr IA E- H T T U b E- 3 4 0 2
F- ig u r e  ?.?
/  I
U L T J  L M M T  T H E -  S 4
Figure. 7.8
HN i
ON O
ft ."S
VtN
<u-
O T
©
Ol
F-igore 79
<
2
tt
l«
.r
7
«
9
t 
rrjc
 
tn
t-
5
£ L 1 >f O M t - T t-IL r u n s • S E C T !  D H S Li 
bigorc. 7-/0
j | l ! l l : : :- f : ' !|l;:l||l; |li I i |j i i l| IIU 1‘ ! l! IH | l!'TTnHj:! 11 |l I 111 j !| HiKil-IHiH'jHt |'l|j 'llniil H ffiM H M
::
a
.li
S i
m
ft6
■1 M C. I  1 H 0 M f  ] i H P L \ 1 t- S I I t- t  T 1 D H I *> i 4 
f i g u r e  f - l l
H V h I K U I I t U  II 6 E- S j K  1 I t it J_
fig'ure 7,12
H V \ H  U L 1 t  6 K U (j fc S S tr L 1 1 D H A_
f-igurc J. \J
i-9.tr
tt
iiviRaRKViiiRRiiKiiiiaiiiRii!riRRiifiriiHiiRafiiSiRRRRiiRij
m:
ilifc
JU
Figure. 7-14-
(ho <0.0 ?.0
rn?bar)k.n?e,9t height , rr)Ctr&$
pigunz. ?•!?
4.0 5-0 *0-0 lo
E-n?bar}krrj^t height , n?ctr£s
Pig'ure ?.16
Figure f. 17
o<zxci&n?ci9£ per ur?it tt71ck.r7e.ss , 0^,/rt)
ii
i
m M
Erybar)knpe.ryt , nyztrcs
Figure 7-18
6o 7-0
£* *>? b a 9  k r>7 e p t  tyfcigfbt v rr^tres
Figure 7* f ?
L.\(L,rT/<^ rjL ,pK.r u r ; n  1*1/ 1 ’V./rr;.
tin nil!n
HI
pi:±te
to.o
trr?bar?lcrr?e.r?t
7.0
tye-'ight'. ryetres
Figure. 7,20
8 2
\&ur<z ' f . 2 2
100TPT
IK
Coe
K»
cSo
Figure 7-2 ?
n«N '
-J
figure f .2 4
•^s 
2 * ^-
i? t
-1 g o a O£.
* £*<>1 
ill
Jjo0
V*i
r0JJ**40
*$ # ?*4
0<<
St
ii a-**
a
U  ° ?
Sr<S,^o w. * C*.2 i « i o c 
a 2r=i^
- r .j-4
I I 1
< l <
I / /
I ! I
n -
l  • >
+~t~f
I I 
i i
H U *0 0 <1
w i ' i s f  ._* £ 0 0 ^
« SiP"-
0 0> jS0 » js.s i.
" tjO -u w
■o .4
.1Vrf ■ "■g c*
1 r3.4
h f / s rS If J S 3 <r
S !;>!;■•
1 o 5 o o -= o »- e
A SI?
SI*0 « y
j U
+
U-
f
/
-J 
I
-// -/ !*
~ I i i
z r n .  
I Kr
/ ! f 
> ' !  
-  1 * 1 j
1 1 1 ' 
"> I ■ ♦ I 
i-u i i i ___
I  1 1
/
1 i 1 
i ! I
1 1 I
' I f
~ r t ~
Iu
4- / f
7 / * 7 i-J
r ' / r i r
i >
/ /
I 4
I
i T ~
I I 
+ 1
h
I
& *• «
c- c
I *
£ "
§ 8
0 0I I
tr
«
0 0
« O
« ««S
« oi
» •
-I -J
£
JS
£• a- •* r 0 
a
3 :i
F-igure f.2?
ar
•4-i
K\
F-igure. f 26
^  s
Figure 7-^f
1k
* *
A
F i g u r e .  7 . 2 8
Key ; i
tCurjve . . _
- — |Gurve . f itte d , to. he 
— *— • Curve f it te d  j.ks ba 
— — - ICurye f i t te d  : to
—  ^years
Itfooo
er 4ril'
M:<z^sunz£j
' i jooo /
^e^tler>7(2J7
me-u \s ib h $_ f tr ^  11 t j v s m i  m y j L l  i hl k.e-mh t s
' F* i g o r<2 f. 2 9
I opoq
CM
1000
o;
0 K % u
S j J ? ^  j.
c- * S’fl^'OO
\oo
Cvj
T o ta l
us
w t-n i iui 1  iJLLlil.Lt! J X I J lL L L I J J J J L X L T l
Figure 7*^0
SE
TT
LE
M
EN
T 
(m
)
CO
x>
*o
■a
LL
co
CS "i*
o  O  O
o >»oo
O
£ O TJ 
Q  ^-aH -  w  U J  C  0
° rt »— f3 c
g ^  5 2 ? £
^  u3^i 2 d  Q
LL © o O  3  Q
CD
o
XD
O COCO
This figure is reproduced from Wroth and Simpson (1972)
F'igure* 7. J I
SE
TT
LE
M
EN
T 
PR
OF
ILE
S 
SU
RF
AC
E 
SE
TT
LE
M
EN
TS
30
v vjuut;
100 26^ - days
weathered 
kimmeridge 
- clay
bottom of 
peat
top of peat
0.6
Gauge 
no.2
ground level
0 ,8  J
settlement
320 mine
lem
no. 1 
no. 2
V
settlement
Settlements of the 
prototype section 3
Settlements of the model
Ybk days
gauge no.2 
gauge no.l
0.6
settlement
Settlements of the prototype 
section 4
location of gauges
no.l no.2
small 
sand 
drains y
large
sand
idrains
This figure is reproduced 
from Endicott (1970)
F -ig o n z , J-J2
o 
&
CHAPTER 8
STABILITY ANALYSIS
The stability of the failed section is investigated using a number 
of standard methods of analysis and the factors of safety so obtained are 
compared with the failure conditions. The results of the analyses are 
discussed, particularly in relation to factors that can affect stability; 
evidence obtained from the trial is given to illustrate these factors.
It is not the intention to give a full dissertation on stability 
analysis in this thesis, but to examine a number of methods that were 
readily available and to highlight some problems that could be encountered 
when dealing with similar types of. alluvial deposits.
8.1 METHODS OF STABILITY ANALYSIS
8.1.1 Stability Numbers
In order to obtain a first approximation for the safe embankment height 
stability numbers given by Taylor (19^8), were used. A total stress condition 
was assumed, i.e. fb = 0, and the chart given by Taylor (19U8) as figure 16.27, 
was used to Obtain the stability number, (note this diagram is not reproduced 
in this thesis). The initial parameters for the failed section were taken as:
Embankment height, H, l|..5m, 5.5m and 6.5m
Depth of alluvium, 6.Urn
Batter angle, i, 33°l;Of for a slope of 1 :1.5.
thus from the chart the stability numbers corresponding to each embankment 
height can be obtained.
Now stability number * c ................... 8.1
yT h"
0 u c
Inhere c is the cohesion
is the unit weight of soil
H is the critical embankment height,
c
The problem in a layered case, as at KingTs Lynn, evolves in the selection of 
suitable values of c. The variation of undrained shear strength for
Section 2, as measured by the ins it u vane test, is shown in figure 8.1 The 
fill is assumed to develop cracks for its full depth, such that the effective 
shear strength is identical to that of the alluvium below; however this 
assumption was not supported by-the evidence from the failure. Therefore < - 
the correctness of the application of this method to the trial must be 
questioned. Taylorrs stability numbers were derived fro slopes in ’
homogeneous clays, as opposed to an embankment constructed on stratified 
deposits. Even so; comparison of the actual failure height with the V 
calculated critical height shows that the method in this instance is ’ 
capable of producing a reasonable first approximation for the safe 
embankment height.
Inspection of figure 8.1 shows that a reasonable mean value of
undrained shear strength for design purposes would be of the order of . 1 8 
2kN/m . TY)<z calculated critical embankment height corresponding to this
value is 5.i25>m. A factor of safety of 1 ,J.j?can be obtained when comparing 
this value with the height at which failure occurred, i.e. 7.0£m, or of 1.2 
when compared with the height at which signs of cracks first occurred, i.e., 
6.36m.
It is therefore concluded that this method is a useful tool for the
rapid assessment of the safe height of similar alluvial materials, if a
careful selection of the appropriate parameters is made a?d limitations of
abj^licaibioo 'S.ituation iatbei*
The chart given by Terzaghi and Peck (1967) was also found easy to
use; in this case however a stability factor Ng is obtained where:
N = H %    8.2s c u
c
N over the range examined is the reciprocal of Taylor*s stability s
number.
An alternative to the total stress analysis given above is an effective 
stress analysis using stability coefficients given by Bishop and Mbrgenstem 
(1960). The curves given suffer a major disadvantage in their application to 
the trial; the smallest slope angle given represents a 1 :2 batter slope, 
whereas the trial batters were Constructed at a slope of 1 :1.f>. This means 
that it is necessary to extrapolate the curves to obtain values of m and n 
which are the stability coefficients related to the factor of safety as 
follows
F = m - nr^  ...............     8.3
Where F is the factor of safety ‘
r is the mean pore water pressure ratio = u
u pvu
and H is the height of the applied embankment.
Considering firstly the case when c* = 0 and hence c r >  0. It can
- * 7
be seen from Bishop and Mbrgenstem’s curves for c 1 * 0 that extrapolation
,* 7  •
for the curves for a value of j6f * 31°20t (as obtained in Chapter 1;), gives a 
value for m of approximately unity and for n approximately 1 .U.
Assuming that the embankment has zero pore water pressure due to the 
presence of the drainage blanket and to the nature of the fill material, 
average pore water pressure ratios of 0.3 and 0.U are obtained respectively
for measured and predicted pore water pressures. The above assumption was 
substantiated by the absence of water in the well points established within 
the fill material. The pore water pressures recorded during the ultimate 
set of readings before failure are given as figure 8.3 and predicted pore 
water pressures for the failure height, i.e., 7.05>m, as figure 8.1;. On 
substitution of these values into equation 8.3, factors of safety of 0.6 and
0.1; are obtained for measured and predicted, pore water pressures.
A value of c r equal to 1;.8 kN/m , as obtained in Chapter 1;, produces 
values of the factor of safety of respectively 1.2 and .1,*1 for the measured and 
predicted cases respectively. It can be seen that in this case the results are 
sensitive to changes in c*. The factors cf safety obtained for c 1 = U.8 are 
within the anticipated limit of 20$, but for c* = 0 are very low. On this 
basis it is considered that this method gives an unacceptable variation of 
factors of safety in this instance. The additional efforts in obtaining mean 
values of r  are not repaid with an overall improvement in the consistency of 
the value of the factor of safety when compared with the total stress method 
previously described.
It must be realised, however, that the method was presented to deal with 
the situation of the earth dam, or for cuttings and natural slopes where the 
conditions are more homogeneous than is the case at King*s Lynn. The shape of 
the curves is also uncertain for batter slopes less than the 1 :2, the lower 
limit given in the charts. The calculated factors of safety given by this 
analysis probably relate to failure surfaces within the fill itself.
It is therefore considered that this method is unsuitable in its applic­
ation to the type of problem presented by the trial due to the geometrical and 
parametric differences between the two cases.
8.1.2 Swedish Method of Slices
A second approach prior to the construction of the embankment was the use 
of the method of slices, based on a circular slip surface. A simple program 
was written for an Olivetti Programma 101 to carry out this analysis. Due to 
the limited number of programing instructions available on this machine it was 
convenient to make the following simplifying assumptions
(i) Total stress conditions pertain, i.e. j6 = 0.
(ii) The fill had a tension crack for its full depth, i.e. shear strength of 
fill ignored, an assumption also made for all subsequent stability 
analyses.
(iii) The weight of the original soil could be ignored by virtue of symmetry.
(iv) Each stratum was of constant uniform thickness, thus the shearing 
resistance developed at the base of each slice was identical with 
that for its symmetrically opposed slice.
Figure 8.£ illustrates these assumptions and the method of analysis. The unit 
weight of the fill was taken as 19.6 kN/m and the appropriate values of shear 
strength were taken from the profile given in figure 8.1, the shear strength 
in the peat being taken as measured by the insitu vane test. The results of 
this analysis showed that a factor of safety of 0.99 was obtained with an 
embankment height of 6.25m; the critical circle was found to be tangential to 
the peat layer. A similar type of failure.had been reported by Ward et al 
(1955). Comparison of the shear strengths given by Ward et al with those at 
Kingfs Lynn showed the two to be similar. It was therefore considered that 
this type of failure could occur during the trial; as has already been described 
however, the failure surface was much deeper seated, running along the top of 
the weathered Kimmeridge clay.
Subsequent to the completion of the trial, computer bureau facilities 
became available via a remote entry terminal. A slope stability analysis 
program was available based on the Swedish method of slices, known by the 
mnemonic SLPSWE. The program is based on the idealisation of the strata into 
a maximum of three layers plus an embankment. In the case of the trial the 
thickness of the three layers was determined by the shear strength profile, 
figure 8.1, with the shear strength of the physical peat layer being taken as 
the mean of the shear strength of the layers immediately above and below. This 
assumption will be discussed in a later section. Layer densities were calcul­
ated from the densities of the various materials forming each assumed layer.
Both effective and total stress analyses are possible with this program, 
although problems arose in the case of the effective stress analysis 3n det­
ermining the excess pore water pressure ratio, r^. As defined in the program 
manual it was possible for r^ to become infinite when an increase in pore 
water pressure occurred beyond the toe of the embankment, as was recorded in 
this trial. An approach was made to the originators of the program, and it 
became apparent during these discussions that the possibility of increases in 
pore water pressure beyond the toe of an embankment had not been considered 
when the program was written. It was, therefore, only possible to carry out 
total stress analysis in this instance, without undertaking some rewriting of 
the program for the effective stress condition. It is considered that this 
situation arose from a requirement to simplify the analysis in order to keep 
the program to a reasonable size with the minimum of data input, for ease of 
use on terminal entry.
The results of the total stress analysis are given In Table 8.1
8.1.3 BishopTs Method
Again subsequent to the construction of the embankment, two computer 
programs based on the method given by Bishop (1955) became available, thus 
enabling a retrospective theoretical analysis of the failed section to be 
made. The first program used was a simplified calculation called SLPBIS avail­
able on remote entry terminal. This program also idealises the strata into 
three layers. Total or effective stress analysis was again possible, but when 
effective stress analysis was attempted the same problem arose as for SLPSWE, 
i.e. for increases in pore water pressure beyond the toe of the embankment the 
value of r ,■ as defined in the program manual, tends to infinity. In fact when 
total stress conditions are considered, the program solution becomes identical 
to that for SLPSWE.
Use was also made of a program written by Little and Price (1958) on an 
English Electric U:30 computer. The program utilises the modified analysis 
outlined by Bishop (1955) and is written for effective stress conditions. The 
basic equation solved is:-
^ = 1 x 2 (c1 £ + tan (W (1 - B))  sec<x................. . 8.1;
2  W sin ot 1 + tan jOT tanoc
F
where 8 is the slice width
o( is the inclination of shearing resistance of slice to
horizontal
B is the pore pressure parameter = u 1
w
W is the weight of slice
and u is the excess pore water pressure.
By substitution of B = 1  ,
= 0
and c 1 = su the undrained shear strength
we get F = Z s uS sec .... ..... .. 8.5
2  W sincx
Equation 8.5 is identical to the expression obtained for total stress 
conditions when equating forces for the method of slices. Thus total stress 
conditions can be analysed with this program by making these assumptions when 
entering the data.
A number of retrospective analyses were made of the failed section 
for total stress conditions. A first total stress analysis was made using 
the undrained shear strength profile given by the pecked line in figure 8.1, 
together with the measured height of embankment without any settlement 
correction, which yielded a factor of safety of 1.02. Subsequent analyses 
were made taking into account the additional applied load due to settlement 
during construction, with shear strengths taken from the full line profile 
shown in figure 8.1. These results are shown in Table 8.1.
The effective stress conditions were examined using both measured and 
predicted pore water pressures. In the predicted case the calculations were 
based on Burland (1971). The measured data were obtained from Run No. 20^4,
i.e., the last full set of readings obtained prior to the failure. Analyses 
were also carried out for two values of c !, 0 and It.8 kN/m . The results of 
these calculations are shown in Table 8.1.
8.1 .it Non-circular Analysis
In addition to the circular arc slip surface analysis previously 
mentioned, the failure was retrospectively analysed using the method of analysis 
given by Janbu (195U) and Janbu et al (1956). The shapes of the slip surfaces 
analysed were based on the deduced shape of the slip.
The method allows both total and effective stress analyses to be carried 
out| total stress using the expression:
F = f SXsl/cosoC) .... ......
0 2 W  tanot
and effective stress:
F = f 2  (c*S + (W - uS>) tan j6T)/no<.
° W tanoc
where s is the shear strength on the arc lengbh
1 is the length of the arc
S is the slice width
ot is the inclination of the slip surface
W is the slice weight
f is a correction factor dependent on the shear parameters 
and the form of the slip 
2
and n,y = cos oc (1 + tanoc tan /5r)
F
In the case of total stress the average undrained shear strength on the base 
of the slice was substituted for s in equation 8.6 (Skempton and Hutchinson, 
1969). Effective stress calculations were made for both measured and predicted 
pore water pressures, the latter sgain being based on a Burland (l 971 ) prediction.
8.6
........  8.7
The result of the various calculations is given in Table 8.1, which 
also shows the effect on the factor of safety using the correction for insitu 
vane strengths based on plasticity index given by Bjerrum (1972). Two values 
of plasticity index were taken, 25$ and 30$, which gave correction factors jX 
of 0.95 and 0.9 respectively.
8.1 .5 Analyses carried out at Norges Geotekniske Institutt
Whilst a paper was being prepared for the A.S.G.E., Speciality 
Conference on the Performance of Earth and Earth Supported Structures, held 
at Purdue University Indiana (Wilkes 9 1972a ), Dr. L. Bjerrum kindly offered 
to carry out a series of total stress stability analyses. The results obtained 
are given in figure 8.6 and Table 8.1 and the shear strength profiles used are 
shown in figure 8.1. The following is an extract from correspondence with Dr. 
Bjerrum,' dated January, 1972:
"The analyses were carried out as undrained, total stress analyses
based on the vane profile, supplied by you. Not knowing the stress-
strain characteristics for the clay and the peat, we have not been
able to estimate which shear strength should be applied in the peat
layer. Instead the analyses were carried out with two different shear
2 2
strengths in the peat,namely 15.7 kN/m and 1^ 5 kN/m . We have only 
analysed failure surfaces through the point A. The shear plane in 
the fill was assumed to be vertical with no shearing strength mobilized 
at the moment of failure. Further, we have assumed plane strain 
conditions, although the width of the failure zone probably is so 
small that "end effects" cannot be totally neglected. Two different 
compuber programs have been applied in the analyses:
(1 ) a computerised version of the conventional slip circle method, 
]rtiich locates the critical circle and calculates the correspond­
ing factor of safety;
(2) a computer program, developed at the University of California, 
Berkeley, for analysing non-circular slip surfaces. The method 
in this program employs the assumption that the side forces on 
all slices are parallel and satisfies all conditions of 
equilibrium. It thus corresponds to Morgenstern and PriceTs 
method with f(x) constant as suggested by Spencer.
The slice program was also applied to the critical circle and for this 
case gave the same result as the circle program. The factor of safety 
for the "observed slip surface" is high compared to the one found for 
the critical circle. This is probable due to anisotropy and possibly 
also strain softening."
8.1.6 Discussion on Calculated Factors of Safety
It is considered reasonable that any rational calculation for the 
factor of safety against failure should be within 20$ of the true value. This 
is due to the simplifying assumptions required for the analysis and also to 
possible variation in value of the parameters used in the analysis.
Table 8.1 gives the resultant factorb of safety obtained from the 
various analyses described in this section, for the failed section of the trial; 
the embankment height at failure was 7.05m. Examination of this .table shows 
that generally there is a reasonable accord between the values obtained, with 
the majority of values below 1.3, and a large percentage within 20$ of the true 
factor of safety of unity.
Two fundamental assumptions were made for all slip circle and non-circular 
methods of analysis. The first of these was that at the instant of failure the 
embankment material was cracked and therefore did not contribute any shear 
resistance to the slide movements. If some shear strength were assumed in the 
fill material this would effectively increase the calculated factor of safety.
It is considered, from observations, that in fact the fill did have a crack or 
cracks which extended through the full depth, and this feature has already been 
discussed in Chapter 7. The other assumption is that the shear strength 
mobilised at failure is as measured by the insitu vane test. The possible 
errors of the vane test have already been discussed in Chapter h» It is possible 
to conclude however, that the insitu vane test measures a parameter which may or 
may not be the true shear strength of the soil and that the use of this parameter 
in a stability analysis gives a reasonable assessment of the factor of safety.
A closer approximation of the factor of safety can be obtained by multiplying 
the insitu vane strength parameter by Bjerrum!s (1972) correction factor jj 
which is related to plasticity index, as demonstrated by the Janbu type cal­
culations.
The effective stress method of analysis will be firstly examined. The 
various analyses presented in this thesis have been carried out for two distinct 
cases:
(i) retrospective analysis of the failure, using the measured pore water 
pressures,
(ii) design of an embankment, albeit of the same dimensions as the trial 
immediately prior to failure, using predicted pore water pressures.
The effect of using a zero value of c 1 was also examined and this aspect of the 
analyses will be discussed in the next section.
It is interesting to note in view of the accuracy of the predictions, 
which have already been commented upon in Chapter 5, that case (ii) analyses 
give lower values for the factor of safety than do the case (i) calculations.
Further, the analyses with c * = 0 give lower factors than when c r is taken as 
21|.8 fcN/m , as could be anticipated from the form of the effective stress 
equations.
Furthermore the Janbu type effective stress analyses show two things:
(a) Based on measured pore water pressures, the calculated factors of 
safety are greater than the upper limits set by the anticipated 
accuracy of 20$ and therefore unreliable predictions can be obtained.
This anomaly is probably due to a progressive failure mechanism develop­
ing as was shown in Chapter 5> which could result in the mobilised 
shearing resistance at failure in terms, of effective stress being less 
than the peak parameters. Alternatively the measured pore water 
pressures could be too low, but this seems hardly possible in view of 
the large number of piezometers installed.
(b) Purely as a predictive method of analysis, taking c ! = 0 and calculated 
pore water pressures, satisfactory factors of safety are obtained.
For effective stress methods additional processes are generally necessary 
before the actual stability analyses can be attempted. These additional oper­
ations involve the determination of pore water pressures at the appropriate 
points within the cross section under analysis, either by measurement and 
nnterpolation or by predictive methods, depending on which of the two cases are 
being considered. In some forms of analysis it is also a necessary condition 
that values of the pore pressure ratio should be calculated.
Of the limited number of different types of analysis carried out, the 
Bishop and Morgenstem (1960) does not appear to really cover the situation 
that occurs on this trial. The dissimilar materials which come within the 
section and the batter slopes are such as to require extrapolation of the nec­
essary charts, with an inherent uncertainty in accuracy. Between the other 
two types, Little and Price (1958) and Janbu et al (1956), there would appear 
to be no significant ^ difference in the values of factor of safety obtained.
The former method analyses a circular slip surface using the method given by 
Bishop (1955) in a form suitable for computer analysis, whereas the latter is 
a manual method on a non-circular slip surface. A desk-top type of computer 
was used for the Janbu type of analysis, using a program so drafted that four 
different assumed factors of safety could be considered for one insertion of 
the slice data.
As the object of the investigation of methods of stability analysis was 
to assess the methods readily available, it is considered that either of these 
two methods are equally suitable for effective stress analysis. The computer 
oriented method has some advantage in terms of the large number of circles that 
can be investigated with minimum effort, coupled with the use of the Burland
(l971) type of pore water pressure prediction program. Should these two 
programs be extensively used in conjunction with each other it would be 
comparatively easy to produce a linking program to minimise the overall 
data input required.
The total stress analyses, irrespective of the previous comments on 
effective stress methods, give in general a good indication of the true factor 
of safety. The simplified approaches lead to the lower factors of safety being 
calculated. The SLPSWE/SLPBIS programs calculate a conservative factor of 
safety of 0.93, compared with values of 1.02 and 1.05 obtained from the use of 
simplified shear strength profiles. A circular analysis using the full strength 
profile in figure 8.1 gives a factor of safety of 1.12 and at the top of the 
range the non-circular analysis yields values for the minimum factor of safety 
from 1.18 to 1 .31 depending on the corrections applied.
The total stress analysis implies that failure will occur at the time of 
construction. This situation occurred during the trial, where it is considered 
that the signs of cracking observed in the period prior to failure were an 
indication of the development of instability. Similar signs of instability were 
also observed several times during the construction of the main works, based 
mainly on strain measurements and on occasions these were supplemented by 
cracks occurring in the fill material. It is considered that these occurrences 
confirm the supposition that the total stress condition is the controlling 
factor for stability analysis for these materials under these conditions.
However, the only failure that occurred during the main works was a delayed 
failure, during which the major movements took place some three days after com­
pletion of filling. Measurements were not obtained within the actual area of 
the slip as this happened to occur between two sections of monitoring instrument­
ation.
It was demonstrated in Chapter 5 that progressive failure occurred. The 
influence of progressive failure has been discussed by Bishop (1972). It is 
not possible to discuss in detail the effects of peak and residual strengths, 
and the brittleness of the material, due to lack of suitable test data.
However it is probable that there is little difference between peak and residual 
shear strengths for drained strength (Skempton and Hutchinson, 1969). The 
undrained stress-strain curves obtained by Madhloom (1973) also indicate little 
decrease in strength after peak values had been recorded. Lo and Lee (l973) 
have developed a method of stability analysis for strain-softening materials, 
which utilises finite element techniques.
It is obvious from the work carried out by Dr. Bjerrum in analysing the 
failure, that the use of the undrained shear strengths measured in the peat by 
the insitu vane test gives a high factor of safety. The full measured shear
strength of the peat was also used for the early analysis which indicated a 
failure surface only reaching to the upper surface of the peat. It has been 
demonstrated that the use of a lower strength for the peat, equal to the mean 
shear strength of the alluvium immediately above and below the layer produces 
a better assessment of the factor of safety. It is considered that owing to 
the nature of the peat the insitu vane test does not give a true reflection of 
its properties. Although the peat at King!s Lynn was generally amorphous theie 
was a certain amount of fibrous material present (Skempton and Petley, 1970).
It is thought that this fibrous material could produce erroneous results due 
to the possibility of the fibres being pulled, rather than sheared, through the 
bulk material. The possibility also exists of these fibres being stretched, 
or even if they are sheared, then this could occur at a greater strength than 
that of the surrounding amorphous material.
The main conclusion that can be drawn from this limited approach to 
stability analysis is that total stress analysis will give an acceptable 
factor of safety, i.e., a value that approaches the true value. It is further 
suggested that for preliminary analysis stability factor methods are adequate 
and that for more detailed analysis, circular methods model effectively the 
non-circular shape of the slip surface which occurred in practice. In partic­
ular the analyses have shown that the Little and Price (1958) computer program, 
available on the County Council*s computer, produces a reasonably accurate 
analysis of embankments on the fenland type of deposit that occurs at King*s 
Lynn. On the evidence presented it is considered generally unnecessary to 
carry out an effective stress analysis, as the additional effort required to 
predict pore pressures does not give any significant increase in accuracy. 
Similarly the additional effort required to carry out a manual non-circular 
analysis of the Janbu type is time consuming with little or no gain in 
accuracy, even with the use of a program written for a desk-top computer, 
which examines a range of four estimated factors of safety at each insertion 
of data, this method was still rather cumbersome.
It is considered that a lower limit should be set on the calculated 
factor of safety and it is suggested that this should be not less than 1 .2 for 
the design of highway embankments. This proposition is supported, it is con­
sidered, by the associated failure of Section 1 with that of Section 2; the 
former failure occurring with an effective embankment height of 5.15m.
It is appreciated that the consideration of stability analysis in this 
chapter is limited. The aim was to assess the methods readily available and 
in particular the potential of the Little and Price (1958) program that was 
mounted on the County Council*s computerj this was considered of importance in
its application to similar alluvial deposits which cover a large area of the 
County of Norfolk.
More detailed discussions on stability analysis are given by Skempton 
and Hutchinson (1969)* Birmingham (1972) and Surrey (1973)• Other non-circular 
methods that were considered but not investigated in the context of the trial 
are Nonveiller (1965) and Morgenstem and Price (1967).
8 .2  FACTORS AFFECTING STABILITY
a^aiy-s'* of
Parry (l971) lists the following factors which may affectjthe behaviour 
of soft clay under surface loading:
(i) Sample disturbance, during insitu testing or laboratory testing.
(ii) Structural anisotropy.
(iii) Structural features such as joints, faults, fissures, seams or lamin­
ations of sand, silt or organic materials, rootlets, etc.
(iv) Influence of . strain rate and strength increase due to dissipation of 
excess pore water pressures.
(v) Influence on undrained shear strength of the initial stress conditions 
and subsequent total stress path incurred by each loaded element.
(vi) Stress redistribution in the embankment due to settlement.
(vii) Pore water pressure distribution.
(viii) Progressive failure in soils with a sharp peak strength or high 
sensitivity.
(ix) Correctness in assuming a circular slip and the ability of the 0 = 0 
analysis to select the critical slip surface.
Bjerrum (1972) also discusses stability of embankments on soft clay, 
establishing a correction factor for the determination of field strengths from 
insitu vane strengths. The discrepancy between field and vane shear strengths 
is attributed to one or more of several factors:
(a) Shear strength depends on rate of loading.
(b) Shear strength is anisotropic.
(c) Shear strength is reduced by progressive failure.
Skempton and Hutchinson (1969) list similar factors to Parry (1971) 
dealing with some in more detail than Parry. However, it is considered that
the latter*s list is more comprehensive and will be used as the basis of the
discussion given in this section.
"Whilst it is not possible to comment on all factors due to insufficient 
data from this trial, where data existr that has relevance to one or other of 
them, they will be presented and discussed.
Comparison of the two references, Parry (l971 ) and Bjerrum (1972), shows 
a significant difference in the method of stability analysis recommended. Parry 
advocates the use of. effective stress analysis with c 1 = 0 and Bjerrum, the use 
of total stress analysis. Reference to Table 8.1 shows that for the soil types 
encountered at King*s Lynn there is little to choose between the two approaches 
with regard to the ultimate accuracy of the solutions when compared with the
actual failure. However, it can be seen that an increase in accuracy is not 
obtained from the additional effort required for effective stress analysis in 
the following respects. The derivation of pore water pressures, by measure­
ment or prediction and the interpolation between them to conform to the slice 
arrangement for manual analysis or soil block regime for computer input, led 
to no commensurate improvement in results. Added to this some methods of 
analysis required even more calculation to obtain the pore water pressure 
ratios prior to the commencement of the stability analysis.
An interesting point is that the circular analysis shows a lower minimum 
factor of safety than non-circular methods using the actual slip surface as 
deduced from the various instruments. Dr. Bjerrum in his private communication 
suggests that this phenomenon is probably due to anisotropy and possibly also 
strain softening. As reported in Chapter k} an attempt was made subsequent to 
the trial to assess the anisotropy of the deposits by taking advantage of the 
excavations for bridge foundations at the trial site during the main works. A 
hand vane apparatus was used, inserted horizontally and vertically. The 
results and implications of the vane test in relation to anisotropy have been 
discussed in Chapter h9 and the general result was to indicate a trend, towards 
anisotropic behaviour, a feature also observed by Madhloom (1973).
Consideration is now given to the factors listed by Parry. Firstly 
sanple disturbance during insitu testing or laboratory testing, this obviously 
must include effects of disturbance due to sampling procedures, and in soft and 
sensitive materials to the methods of transport and handling adopted. A 
further factor that can be included under this heading is the degree of compet­
ence of the operator and care applied in the testing of a sample whether insitu 
or in the laboratory. This vulnerability was demonstrated in this trial in 
the •triaxial testing already commented upon. Taking the test results as they 
appear on the test report sheets different values of 0 1 can be obtained,
(see Tables 4.6 and 4*7)9 to those derived from the p f - q f diagram given in 
Chapter h . The differences between the two approaches are directly attribut­
able to the quality of the testing.
Structural anisotropy has already been discussed. It is sufficient to 
repeat that although evidence to support anisotropic behaviour of the deposits 
was obtained, the effects of such behaviour were not directly observed.
A predominantly vertical rootlet structure was proved to exist in the 
deposits, the effects of this structure on stability could not be detected 
during the trial. Although the permeability data tends to indicate a $0% 
reduction in permeability soon after completion of the embankment, as discussed 
in Chapter 1|, there was no immediate marked change detected in measured perm­
eability that would demonstrate the closing up of the rootlet passages during
loading. The laminations present in the strata did not appear to have any 
significant effects, although it is remotely possible that the sand layer
t
above the weathered Kimmeridge could have contributed to the failure if high 
pore water pressures had been induced within it. Evidence of such behaviour 
was not obtained, in fact there could be indications of the reverse^ examinat­
ion of the excess pore water pressure diagrams given in Chapter 5 show that 
there is a tendency for the pore water pressures to decrease near this layer. 
Such a decrease would signify that the sand layer is acting as a drainage path.
The next factor given by Parry (1 971 ) is the effect of strain rate and 
strength increases due to dissipation of excess pore water pressures. In the 
case of strain rate no tangible evidence to indicate its possible consequence 
was obtained from the trial, although its effects were investigated in a 
series of triaxial tests by Madhloom (l 973). Strength increases due to pore 
water pressure dissipation do not play a significant part in the type of fail­
ure that was induced during the trial: a total stress failure occurred with
insufficient time for any significant pore water pressure dissipation to take 
place. However, the phenomenon is being used to facilitate construction of 
the embankments by a two stage system with a consolidation period between 
stages. The insitu vane tests carried out at various times after construction 
demonstrated that increases in strength were obtained, these increases were 
shown in Chapter b»
Little can be said about the influence of the initial stress conditions, 
derived from data taken from the trial embankment, on undrained shear strengths.
A further factor listed by Parry (1971) was the possible effect of the 
redistribution of stresses within the embankment due to settlement. It is 
considered that in addition to this settlement effect, the lateral movement 
of the soft clays has an equally appreciable influence on stress distribution. 
The limit occurs when cracks are formed within the embankment material due to 
the magnitude of the combined effects of settlement and lateral movements, this 
limit is commented on by Bjerrum (1972). In this situation the embankment may 
be assumed to act solely as an applied load and to contribute no restraint to 
failure. It is considered that from the evidence of the trial, the formation 
of cracks, within the fill was due to the lateral movements rather than directly 
due to the slip mechanism. This was supported, it is felt, during the main works 
when cracking of the embankment fill material was noted, without the immediate 
occurrence of failure. These cracks were of sufficient width, length and 
depth that they could not be confused with the normal crack pattern caused 
by the drying out of the surface of the fill material. Neither was the crack­
ing due to the movement of constructional plant and equipment. It was noted
that in association with the formation of these cracks t h e A ^ H  • -t inclino­
meter plots, prepared as described in Chapter 6, showed a steeper slope than 
had been the case previously, thereby indicating unstable conditions were 
being approached. The consequence of the formation of cracks due to lateral 
movement and settlement of the softcLays produces the exactly opposite effebt 
to that described by Parry. It would be of interest to perform a similar 
series of tests to those carried out by Parry (1971 ) to assess the stress 
redistribution under settlement, but instead of using a steel plate, which pre­
cludes the occurrence of lateral spread, to use a more flexible membrane that 
would simulate both settlement and lateral movement.
In considering next the distribution of pore water pressure, the two 
convenient headings firstly of measured distribution and secondly of prediction, 
may be used. In the case of the trial the distribution of pore water pressure 
with depth was approximately triangular, increasing with depth. As discussed 
in Chapter 5, it is considered that this distribution is due to the deposits 
being partially saturated, and it is interesting to note that the use of 
observed data in the effective stress analyses carried out, and summarised in 
Table 8.1, leads to the higher values of the calculated factor of safety.
In Chapter 5 it was shown that the prediction of pore water pressures 
with any degree of confidence was not possible. Notwithstanding this 
difficulty in prediction, the use of such predicted values in effective stress 
stability analysis gives a result for the factor of safety lower than the 
measured values, and comparable with total stress analysis, in the case of 
this trial and the limited methods applied, see Table 8.1.
The next factor listed is progressive failure in soils, with a sharp 
peak strength or high sensitivity. The distribution of the peak pore water 
pressures around the slip zone and the time at which the Individual peak 
pressures were observed has already been discussed in Chapter 5. The outward 
migration of the peak pressures was clearly observed, which it is considered 
demonstrated the progressive nature of the failure. It is interesting to 
note that in this instance the soils are not highly sensitive; a mean value 
of the order of 3 was obtained for the sensitivity as measured by the insitu 
vane test. Tests were not specifically carried out to determine the fill 
stress-strain relationship, therefore it is impossible to be precise about 
the shape of the stress-strain curve. It would therefore seem likely that 
progressive failure could take place in clays other than those with a sharp 
peak strength or high sensitivity, and that a progressive failure mechanism 
has affected the stability in the case of this trial.
Parry (1971) completed his list with the correctness in assuming a
circular slip and the ability of the 0 = 0 analysis to select the critical 
slip surface. The evidence produced in this chapter indicates there is 
little difference in the results obtained from effective stress and total 
stress methods of analysis of the failure; the failure occurred of course 
mainly under total stress conditions. It is also apparent from Table 8.1 
that although the failure was of non-circular form, the circular analysis 
gave lower factors of safety than a non-circular method.
Parry (1971 ); advocates the use of c f *=0 in effective stress analysis. 
This is shown in Table 8.1 to give lower factors of safety than for the 
measured value of c r; a situation which is applicable for both circular and 
non-circular methods of analysis.
8.3 SUMMARY AND CONCLUSIONS
The aim of this study has been to assess the accuracy of methods of 
stability analysis that were readily available, including those that could 
be accessed on computer facilities. Both total and effective stress 
analyses were undertaken, and in the case of the latter, calculations were 
made using measured and predicted pore water pressures. The results of 
these analyses are summarised in Table 8.1, from which it can be seen that 
there is little difference between the results of total and effective stress 
analysis. It is also apparent from the table that even though the failure 
was of non-circular form, a circular arc analysis gave the lower factors of 
safety.
To summarise the findings of this study a number of factors arise, 
which, if taken in conjunction with each other, fortuitously produce 
remarkably good predictions.
These factors are:
(i) the use of insitu vane strengths which may or may not measure the 
field shear strength of the soil, which itself may be anisotropic,
with
(ii) an assumption that the shear strength of the peat is the mean shear 
strength of the alluviums immediately above and below it,
and
(iii) a total stress analysis; using either a circular or a non-circular 
slip surface, in which the calculated critical factor of safety is 
not obtained using the actual slip surface: 
or (i) and (ii) with:
(iv) the use of effective stress analysis with predicted pore water
pressures which do not accurately reflect the measured values; using 
either circular or non-circular slip surfaces, and in which again 
the critical calculated factor of safety is not obtained on the 
actual slip surface,
and
(v) the substitution of a value if c* equal to zero rather than the
2
measured value of U . 8 kN/m .
From the above it would therefore appear that the present knowledge 
for correctly analysing a stability failure is limited, but surprisingly with 
all the known inaccuracies, inconsistencies and uncertainties involved in the 
parameters and methods of analysis used, a result is obtained which approxim­
ates within reasonable limits to the actual factor of safety of the slope . 
being analysed.
On the basis of the analyses carried out it would appear that for the 
type of alluvial deposit at this site a total stress analysis gives a calcul­
ated factor of safety that is within acceptable limits of the truth. The 
additional effort required for an effective stress approach does not result 
in a commensurate increase in the accuracy of the predicted factor of safety.
If however for some other reason, it is considered desirable,to carry out an 
effective stress analysis, then the arbitrary use of c' = 0  and of predicted 
pore water pressures, gives the closer result to the correct factor of 
safety, which is unity. This is so, even though the predicted pore pressures 
may bear no relation to measured values.
It is perhaps worthy of note that of the methods investigated, those 
involving a simplification of the section and parametric profile would appear 
to produce the more conservative results . The result of this study which 
perhaps has the greatest significance concerns the assumption necessary for 
the shear strength of the peat in order to obtain a reasonable value for the 
factor of safety. It was shown that the insitu vane shear strength measured 
could not be used directly to obtain a factor of safety within acceptable 
limits. It appears that by taking the strength of the peat to be equal to 
the mean of the shear strengths, as measured by insitu vane shear tests, of 
the alluvium immediately above and below the peat layer, a predicted factor 
of safety is produced which is closer to the true value obtained from the 
failure itself.
In the discussion on factors affecting stability in general, evidence 
was presented which agreed with the conclusions of Skempton and Hutchinson 
(1969), Parry (1971) and Bjerrum (1972). However for two of these factors 
it was demonstrated that one did not appear to have any major significance, 
whilst in the case of the other the opposite effect could be achieved, these 
two factors are summarised below. The effect of the soil structure, a factor 
which has been described by Rowe (1968a and 1972), was shown to be of no major 
significance in the instance of the alluvial deposits in relation to stability. 
The redistribution of stress within the embankment could according to Parry 
(1971)* have some considerable effect. It was however shown that lateral move­
ments which occur within these soft soils can produce the formation of tension 
cracks, the effect of which is contrary to that described by Parry.
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CHAPTER 9
COMPARISON WITH OTHER TRIALS.
This chapter briefly reviews some published literature on 
similar trials and also on the monitoring of full scale works, A 
comparison is made with the findings of the King's Lynn study, 
reported in the previous chapters of this thesis.
9.1. TRIALS AND FAILURES REPORTED IN ENGLAND.
The number of trials carried out in this country specifically 
for highway works is limited, although the trend for their 
implementation is increasing. It is necessary to distinguish 
between the construction of trials, or the monitoring of full scale 
works, for highways and dams. In the case of dams the rate at which 
the loading is applied is largely determined by their physical size, 
which generally precludes the occurrence of any rapid changes in 
applied stress occurring. It is therefore considered that the time 
factor becomes significant in the subsequent behaviour of the sub-strata. 
In direct contrast, the highway embankment by virtue of its size, can 
be constructed rapidly and therefore the resultant effects on the 
deposits beneath it occur much more rapidly than would be the case of 
•a dam or levee.
Trials were carried put for the M 5 across the Somerset and 
Avonmouth flats, and several reports have been presented dealing 
with their various aspects$ McKenna (1968 and 1969)> Murray (1967 and 
1971), and Ballard (1971). The first of these trials was at East Brent, 
McKenna (1968). The deposits at this site are similar in character but 
considerably thicker than those at King's Lynn. To quotes
"The alluviums can roughly be divided into two strata, an upper 
more clayey stratum and a lower more sandy stratum. The latter 
consolidates very rapidly and does not appear to present particular 
foundation problems."
The ranges of moisture content, liquid limit and plasticity index are 
also similar, but the insitu vane shear strengths are two to three times 
greater in magnitude, with field cv values of the order of five to six 
times greater.
The East Brent embankment failed at a height of 26 feets the 
pore water pressure increased with depth to the level of the peat 
layer at about 17 feet, remained nearly constant for the next 20 feet 
and then showed a marked reduction. A feature of the failure was that 
the slip was preceded by significant increases in pore water pressure 
and by plastic movement in the foundations. This is contrary to the 
findings of the King's Lynn trial in respect of the pore water pressures, 
(Chapter 5)> although similar plastic movements are considered to 
have been indicated by the inclinometer data (Chapter 6).
The recorded settlements at East Brent showed that settlement ceased 
very shortly after construction had stopped, this behaviour is 
again dissimilar to that observed at King's Lynn.
These features are typical of all of the various trials for 
the M 5 in the Somerset/Avonmouth area. Although Ballard (1971) 
shows typical settlement records for the main embankment construction, 
(figures 6 and 7 of the reference), one figure (figure 6) shows the 
actual settlement virtually ceasing after about 500 days. The second 
(figure 7) by contrast shows Settlement continuing beyond this period, 
which is probable mainly secondary settlement. Murray (1971) shows 
the vertical distribution of total pore water pressure to increase 
with depth to a maximum at the peat layer, immediately below which 
the total pore water pressure drops markedly and then increases again 
with depth. It is considered that the peat layer has a more significant 
effect than at King's Lynn. The Clevedon trials (McKenna, 1969) showed 
in addition that sand drains appeared to have little influence on 
pore water pressures and also that pore water pressures were not 
transferred by the peat layer from under the centre of the bank to 
the toes. These two conclusions were also arrived at on examination 
of the relevant data from the King's Lynn trial.
Embankments built for the Oxford Southern and Western Bypass 
and the Oxford Southern Bypass extension, were also instrumented, ’ 
and the results reported by Murray (1973). Although the soft 
deposits did:.not contain a peat layer, their characteristics were 
broadly similar to those of the fenland deposits. The pore water 
pressure distribution with depth was again triangular
Some of the conclusions arrived at by Murray (1973) are in general 
agreement with the findings of the King's Lynn trial; these are 
as follows:
"a) The magnitudes of the calculated settlement estimated on the 
basis of the data from conventional laboratory tests and 
measured ultimate settlements were reasonably close, generally 
within 10%.
b) The sand drain installation was shown to be ineffective in 
accelerating consolidation as the rate of settlement was 
similar to that in the soft control section."
In contrast, Murray (1973) found that the primary consolidation 
occurred considerably more rapidly than was estimated on the basis
of the data from conventional laboratory consolidation tests, which 
is contrary to the results obtained from King's Lynn.
Murray (1973) gives two further conclusions which are of interest 
but unfortunately for the reasons given cannot be compared with those 
of this trial. These are as follows:-
i) Settlement calculations based on coefficients of consolidation 
derived from insitu measurements of permeability provided 
good agreement with the measured relationship between 
settlement and time, particularly when the coefficients of 
consolidation were varied with effective stress in the 
same proportion as the laboratory values over the corresponding 
range. It was shown in Chapters 4 and 7 that a wide range of 
permeability and derived values of the coefficient of 
consolidation were obtained, and hence too, of the time for 
primary consolidation to occur. Due to the curtailment of 
the measurements it was not possible to determine the true 
time for primary consolidation although the trend appeared 
to be for the analysis of excess pore water dissipation to give 
the more reasonable value. The TEEL have developed a one­
dimensional analysis for the rate of consolidation in multi­
layered soils, Murray (1972), which was used to examine the 
Oxford cases, but unfortunately it was not possible to obtain 
access to this method for use with the King's Lynn data.
ii) Calculations of the rate of secondary consolidation using 
the soil parameters from long-term consolidation tests did 
not always give a very reliable estimate of the rate of 
movement. Again, data Were not available due to the curtailment 
of the King's Lynn experiment to test this conclusion.
A further trial at Killington reported by the Road Research 
Laboratory, McLaren (1968), is only of interest in the context of 
this chapter from the instrumentation and insitu permeability 
measurements, as the Killington Embankment is primarily testing 
the fill material rather than the sub-strata.
A failure of a sea defence embankment constructed on saltings 
has been discussed by Golder and Palmer (1955)* This is of interest
to this study as the soil conditions are similar to those of the 
King's Lynn site, with the omission of the peat layer. The cause 
of failure however is different as in the Scrapsgate case failure was 
due to high flood tides. A factor of safety of 1.3 was obtained using 
insitu vane shear strengths. An inspection of the values of plasticity 
index given, indicate that the value of calculated factor of safety 
of 1.3 is in general agreement with Bjerrum (1972).
Rowe (1968a) discusses a number of failures in which it was 
considered that the geological arrangement of the strata has a 
major effect. However in. the case of the King's Lynn trial, little 
evidence was obtained to show that the soil structure had any 
significant effect.
9 .2 . OTHER TRIAL EMBANKMENTS.
The first session of the Conference on the Performance of 
Earth and Earth-Supported Structures, sponsored in 1972 by the 
American Society of Civil Engineers and the School of Civil Engineering, 
Purdue University, was devoted to embankments on soft ground. Twenty one 
papers were presented to this session of the Conference including two 
on the King's Lynn trial embankment, Wilkes (1972a) and Wroth and Simpson 
(1972). The session has been reported by Bjerrum (1972) and therefore 
reference will be made to only a few papers which bear some relationship 
to the findings of this thesis.
Consider firstly the stability aspects presented in various 
papers in relation to the conclusions given in Chapter 8 of this 
thesis. In a number of papers reporting failures, the relationship 
between the calculated factors of safety at failure and the true 
factor of safety were examined. This aspect has been considered by . 
Bjerrum (1972) and from the study of these data and other reported 
failures, a correction factor for insitu vane shear strengths, was 
derived, which was related to the plasticity index.
Pilot (1972) presented a study of five embankments where failure 
occurred or was induced. The analyses of the failed sections was 
generally by the use of the Bishop (1955) circular arc method, using 
0 = 0  i.e. total stress conditions. It is interesting to note that 
in one case reported at Saint-Andre, very similar conditions to those 
found at King's Lynn exist. The soil parameters are also of comparable 
order, although details of the peat layer were not given. The embankment 
was constructed to a height of 3*3m before failure occurred. The 
calculated factor of safety was 1.38, but it was not Clear however 
whether tension cracks occurred in the fill material or whether they 
had been assumed for the stability analysis. The actual slip surface 
was deduced in each case except one at Pomic and stability analyses 
were carried out for each observed failure surface. Pilot obtained 
calculated factors of safety for these observed failure surfaces 
which were in excess of the minimum calculated using the Bishop 
method, except in the case of Saint-Andre where identical values 
were obtained. This feature of the analysis of the observed slip surface 
is in agreement with the analyses given in Chapter 8 of this thesis.
Pilot reports that the shapes of the failure curves are not very 
different from a circular arc, except that the presence of a very soft 
layer near the surface of the soil can alter this simple case.
A further conclusion made by Pilot was that it is possible to introduce 
the shear strength of the embankment into a circular arc analysis 
when there is a layer of consolidating soil a few metres thick at the 
surface preventing displacements and cracking in the embankment.
(cf.Parry, 1971)•
Ladd (1972) reports the behaviour of a test embankment loaded to 
failure, on sensitive clay. Whilst the conditions are not similar 
to those at King's Lynn, two features of Ladd's study are of interest. 
Ladd states that:
"Measured deformation and pore (water) pressure did not indicate 
that a large failure was to occur within a few hours after placing 
the last lift of fill" 
and also:
" Geonor field vane data yielded a factor of safety that
was 10% too low."
The first of these two statements agrees with the findings of this 
study, the second however is at variance with the results of the 
stability analyses reported in Chapter 8 .
Dascal et al (1972) found in their study that insitu vane 
tests overestimated the field shear strength. A supposition to the 
contrary has been discussed in Chapter 4> where it was suggested 
that the failure mechanism at the vane might not be in agreement with 
the assumed mechanism: Ladd's findings above could be taken as 
tending to support this proposition. Dascal et al also suggested 
that an explanation for the high calculated factor of safety obtained 
could be a combination of overestimated shear strengths and the effects 
of a progressive failure mechanism. It was deduced in Chapter 5 
that a progressive failure also occurred at King's Lynn.
Soil movements below a test embankment were reported by Holtz 
and Linskog (1972). The embankment 1.5m high was constructed on soft 
normally consolidated medium sensitive post-glacial and glacial 
varved clays about 15m deep, the site being the Ska -Edeby test field 
near Stockholm, Sweden. The Atterberg limits and insitu vane shear 
strength profile are similar to those for the King's Lynn deposits, 
but otherwise there is little similarity between the deposits. Of 
interest to this study however are the settlement and lateral 
movement profiles recorded by Holtz and Lindskog: these resemble 
the profiles obtained at King's Lynn, particularly when different 
height of embankments and depths of soft deposit are considered.
Ladd et al (1969) in a paper to the Seventh International 
Conference on Soil Mechanics and Foundation Engineering, describes 
a square test embankment of granular fill, founded on an organic 
clay some 8 to 9m thick. A failure occurred on one slope and cracks 
developed along two other slopes at a fill height of 3*5m. Analysis 
of the failure using three different methods gave an average
retrospectively calculated undrained shear strength of approximately
2
12 kN/m . The insitu vane test results showed that the average
2
value of undrained shear strength was approximately 25 kN/m , 
which is of the order of twice the retrospective calculation. Ladd et al 
suggest that this discrepancy is partly due to a fast rate of vane 
rotation and the presence of shells, sand and wood chips in the 
clay, and conclude: "However, vane tests do not a priori give 
correct insitu undrained strengths." The plasticity index for the 
soil would appear to be 35%, i.e. similar to that for the King's Lynn 
alluvial deposits. The correction factorjn given by Bjerrum(1972) 
for a plasticity index of 35% is 0.87, which would not account ' 
in full for the discrepancy between measured and retrospectively 
calculated values of undrained shear strength. In view of the comments 
made in Chapter 8, it would appear possible that this computed value 
bears little agreement with the true value of the insitu undrained 
shear strength.
Further features of this trial are of interest in the context of 
the findings of the King's Lynn trial, these may best be described 
by quoting the relevant conclusions given by Ladd et al:
" (4) Settlement behaviour was a good predictor of the impending 
failure of an exterior slope, but not for an embankment 
having wide berms.
(5) In the latter Case, slope indicators (inclinometers) and 
alignment stakes to a lesser degree, were most useful
in predicting an imminent failure.
(6) Stability analyses in terms of effective stresses proved 
inconclusive and piezometers were relatively ineffectual 
control devices for this particular soil".
Conclusions 1 to 3 dealt with the stability and undrained shear
strength aspects, mentioned previously. As can be seen the results
of the work of Ladd et al is in general.agreement with the King's 
Lynn trial.
9 .3 .  SAND DRAINS*
Three papers to the Purdue Conference, in addition to the
one describing the King’s Lynn trial (Wilkes,1972a), examine the
behaviour of sand drains. Margason and Arango (1972) report the
performance of sand drains constructed in San Francisco IBay Mud. The
drains were constructed using a jetting technique and backfilled
initially with sand, which was changed to gravel because of constructional
problems. It was concluded that, as the settlement behaviour was as
predicted, the drains were efficient; it appears however that the
performance of the sand drains was not compared with that of a similar
undrained area. The predicted pore water pressures did not reflect
those measured and yielded lower values than the measured at the
observation point, which was at mid-depth of the Bay Mid layer.
This latter observation is not unexpected in view of the findings of
this study of the King’s Lynn embankment, as given in Chapter 5*
Another sand drain project on a soft sensitive silty clay
was described by Ladd et al (1972). In this instance the performance
of the sand drains compared favourably with undrained areas. The
installation of the sand drains was carried out using a jetting
technique. Also of interest is the success of a sand drain
installation reported by Holtz and Broms (1972). The remarkable
feature of this installation is that a displacement technique was
used. In discussing the Ski.-Edeby tests Rowe (1968b) suggests that
on
the effect of remoulding^the permeability of such nearly uniform 
deposits, of the driven mandrel type of drain, is not great.
Rowe (1968b) also cites other instances of sand drain installations 
beneath embankments. It is stressed in the paper that geological 
features of clay deposits affect the drainage behaviour of such 
materials. Small layers, veins of silt.or organic inclusions 
are considered to transform the permeability of the mass compared 
with that of a small sample. Weber (1966) in materials, which 
from the limited information available, would appear reasonably 
similar to those found at King’s Lynn, showed some success in the use 
of sand drains compared against the behaviour of undrained areas.
However the following relevant conclusions are of interest;
i) "The consolidation of the soft foundation soil in sand 
drain areas with conditions similar to Napa River will 
occur at a rate 2 to 2-g- times slower than estimated from 
theoretical studies"
ii) "Sufficient time must be available to construct fills
on soft soils under separate contracts and utilise stage 
construction"
and
iii) "Where sand drains are installed in soft foundation soils 
similar to the Napa River, it should be accomplished by , 
a method that will not disturb the soft foundation soil."
It is considered that if separate contracts and, or stage 
construction is utilised even with sand drains, then a very careful 
assessment must be made of the economics of sand drains and the 
benefits that could accrue compared with the costs of additional 
consolidation periods necessary for an undrained solution.
A report by Rolfsen and Simons (1971) gives the results of field 
measurements for a sand drain installation beneath a 8 to 10m 
high embankment for an airfield runway. In an earlier report 
Simons (196.1).the sand drains were considered to be contributing 
to the rate of consolidation.
Bjerrum (1 9 7 2 ) also comments briefly on the use of sand drains 
for improving the foundation for embankments on soft ground, and 
makes reference to Johnson (1970) as being the most recent and 
complete review of the state-of-the-art of the design, construction 
and behaviour of sand drains. Bjerrum (1972) also introduces an 
efficiency factor, which enables the usefulness of a sand drain 
installation to be assessed. The usefulness of an installation 
increases with the efficiency factor, this is the ratio of settlement 
at the end of primary consolidation to total settlement, i.e. primary 
plus secondary. Casagrande and Poulos (1 9 6 9 ) discuss the behaviour 
of sand drains and the importance of smear effects on their efficiency. 
Criteria for the use of sand drains for highway embankments have been 
discussed by McGowri and Younger (1970).
9 .4  INSTRUMENTATION.
The preceding sections have considered various aspects of 
trials and full scale monitoring; in this section the necessary 
instrumentation will be considered. It is not intended in this thesis 
to discuss the subject in detail as instrumentation covers a vast field.
The recent symposium organised by the British Geotechnical 
Society, ‘Field Instrumentation in Geotechnical Engineering* held 
in London in 1973 is the most recent complete review of the current 
limit of technical progress in instrumentation. The symposium 
considered all aspects of instrumentation, and from the papers given 
those dealing with highway embankments will be discussed briefly.
Bishop and Green (1973) review the development and use of trial 
embankments and their instrumentation. Papers dealing specifically 
with the instrumentation of highway embankments.were given by 
McKenna (1973)» McKenna and Roy (1973) and Wilkes (1973)* Loading 
trials for oil tanks were described by George and Parry (1973) 
and for embankment dams by Little (1973)> Marsland (1973) ahd 
Penman and Charles (1973)* In each of the seven papers the installation, 
reliability and behaviour of the various types of instruments are discussed.
Interpretation and use of the data from instruments for the 
control of constructional works with reference to embankments is 
given for example by Cooke and Ingold (1973)» McKenna (1973)>
Wilkes (1973)*
Other papers deal with specific types of instrument that are 
suitable for monitoring the behaviour of earthworks and also 
the contractural significance of instrumentation.
CHAPTER 10
ACHIEVEMENT OF THE AIMS OF THE TRIAL.
In this chapter the aims of the trial given in Chapter 3 are 
reviewed and the findings of this study towards the achievement or 
otherwise of each specific aim are given. Additional features of 
the study are also restated.
10.1 SAND DRAINS.
A fundamental aim of the trial embankment was to assess the 
suitability of sand drains to this site and their effectiveness 
in increasing the rate of consolidation by the imposition of a radial 
drainage path, shorter than the natural vertical or horizontal 
drainage path. Consequently the following aims were laid down in 
drawing up the specification for the trials
a) Type of sand drain most suited to the site conditions.
b) Spacing of sand drains.
c) Diameter of sand drains.
e) Effectiveness of sand drains.
The selection of the type of .drain most suited to the site 
has been fully discussed in Chapter 3 and therefore the selection 
process will not be repeated here. It is sufficient to state that 
the method finally adopted was the use of a short flight auger.
Each hole was drilled in short lengths sufficient to half fill the auger, 
which was then withdrawn from the hole and emptied. This process was 
repeated until the hole had reached the required depth and, depending 
on the diameter of the finished drain, washed sand was introduced either 
through a tremie or by being allowed to fall freely from a hopper. The 
selection was not only dependent on physical features relating to the 
site conditions, but also on the availability of specialised construction 
plant in conjunction with practical problems encountered on site during 
the pilot borings.
Using parameters derived from laboratory tests on samples from 
the vicinity of the trial site, a careful reappraisal of these 
recommendations was made to check that spacings given in the site 
investigation report held for the trial site also. Two methods were used 
to determine the sand drain centres, based on a triangular pattern,
Barron (1948) and. Younger (1 9 6 8 ), and these calculations confirmed the 
recommendations of the site investigation report. The spacings used in 
the trial were 2.5m and 3»75m.
The two sand drain diameters, 450 mm and 300 mm, were originally 
based on these above calculations but on the advice of the then Ministry 
of Transport, Engineering Intelligence Division, they were amended to 
3 0 0  and 1 3 0  mm, it being considered that the 4 5 0  mm drain would be
inordinately expensive. The diameters were further amended respectively 
to 3 0 0  mm and 200 mm to fit in with the successful contractor’s equipment.
The installation of the drains was achieved with a minimum of problem 
The major constructional problem proved to be the piston action of a 
full auger causing the sides of the borehole to collapse. It was found 
that the larger diameter drain had a number of constructional advantages 
over the smaller diameter, which can be summarised as follows
i) the ability for a tremie to be inserted to deposit the sand,
ii) the comparative ease in removal of debris after construction
and clearance of spoil from the drain,
iii) the probability that it is less likely for the mouth of the
drain to become blocked during subsequent operations.
and iv) the location after construction and clearance of surplus 
arisings is easier.
A disadvantage is that the likelihood of piston action increases with 
diameter.
The effectiveness of the sand drains was found to be marginal: 
little difference in excess pore water pressure dissipation was 
observed between any of the four drained sections or the undrained leg, 
(Chapter 5)» Comparison of the settlement profiles given in Chapter 7 
shows that, after making allowance for the failure movements, the sand 
drain areas are consolidating at only a slightly greater rate than 
the undrained areas. It may therefore be concluded that in the time 
scale available for construction, sand drains will not achieve any marked 
increase in consolidation tha-t would a.ssist in reducing the contract 
period for the main works.
Rowe (1 9 6 8 b) stresses that geological features of clay deposits 
affect the drainage behaviour of such materials. Small layers, veins 
of silt or organic inclusions are considered to transform the 
permeability of the mass compared with that of small samples. In 
the case of this trial a vertical rootlet pattern was observed but in 
view of the time period for excess pore water pressure dissipation 
to occur it is considered reasonable to conclude that in this 
instance the structure of the deposits did not have a major significance.
It was suggested in the site investigation report that if the rootlet 
structure were to act as drainage paths, then this would be only in the 
short term as under load the structure would rapidly close up. The 
measured insitu permeabilities generally show a reduction of 
approximately 50% in "the value of permeability, which occurs soon afte'r 
completion of filling. Whilst this evidence supports the proposition 
of collapse of the rootlet structure, the magnitude of this change 
in permeability could be considered as lying within the experimental 
error of the test method. It is considered however that there is 
sufficient trend in the change in values obtained for it to be 
reasonably concluded that some collapse of the rootlet structure took 
place.
Little evidence was obtained to account for the failure of the 
sand drains to perform satisfactorily. The radial drainage paths 
were relatively short when compared with the vertical paths. 
Notwithstanding the effect of soil structure, it appeared, on the design 
data available a reasonable assumption that the sand drains should 
have behaved in a more satisfactory manner. What then could be alternative 
reasons for the sand drains1 unpredicted failure? It is considered that 
four possible explanations could exists
a) Smear; the effects of the installation method could contribute 
a greater zone of reduced permeability due to the smear 
effect than was assumed in the calculation. A smear ratio
of 1,5 was used for the Barron (1958) "type analyses.
b) There was insufficient evidence from the laboratory testing 
to show that horizontal values of c^ are not greater than 
in a vertical direction.
c) The consolidation in the immediate vicinity of the drain 
periphery could, during the early stages of drainage, cause 
a remoulded zone and thus further reduce the permeability 
of that zone.
d) The drain spacings were possibly not small enough in relation 
to the thickness of the clay layer.
10. 2 . RATE OF LOADING.
The rate of loading was found to be controlled by the rate at 
which materials were supplied to site. The supplier was continually 
requested to increase his rate of delivery and managed to achieve this 
when filling the second leg, which accounts for the differences between 
the filling periods for the two legs of the embankment.
The data obtained from the two parts of the embankment were carefully 
examined but even so it was not possible to isolate any significant 
difference in behaviour between them. Differences could be anticipated 
in the measured excess pore water pressures due to the occurrence 
of greater dissipation on the drained leg for which filling had been 
slower. It was also reasonably possible that the settlements measured 
at similar depths of fill could have been greater in the case of the 
more slowly constructed leg, Such differences were not evident.
”This apparent paradox could have been due to a number of causes^
Either there was in fact no difference or alternatively any difference 
could have been masked by variation of the strata or by variability of 
the characteristics of particular deposits across the site.
In the absence of evidence to the contrary, it was decided to 
fill the main embankments no faster than the rate achieved in the initial 
stages of filling to the trial embankment, and to restrict the fill 
rate as the main embankment approached its design height.
The rates proposed were not more than 1 metre of fill per day for 
the first 3 metres of fill and not more than 0.5m per day for subsequent 
depths of fill. A strict control on the weight of the fill material that 
could be used was written into the specification. At the time of 
writing this thesis the majority of the filling has been completed in 
compliance with the specification and no problems have been encountered 
that can be directly attributed to the rate of filling. It was considered 
beneficial at the design stage to allow as rapid a rate of filling 
as possible to ensure that the contract period was kept to the 
minimum. The two consolidation periods for the two stage areas amounted 
to a total of 550 days which has imposed a three year contract period 
on the scheme.
■10.3. INCREASE IN  SHEAR STRENGTH.
The increase in shear strength due to consolidation was assessed 
by two methods. The first of these was a series of insitu vane shear 
measurements taken before the trial commenced and at various times 
after construction. The conclusion that was thereby drawn was that 
the softer materials showed an increase in undrained strength in 
excess of 2 5 % after about 100 days with little subsequent increase 
in strength. The corresponding percentage increase in undrained 
strength for the stronger deposits decreased with increasing strengths.
As the design of stable embankments was based on undrained shear 
strengths using the method given by Jakobson (1948) for the determination 
of berm sizes, it was considered that an increase in undrained 
strength of 2 5 % should be used with the design strengths being taken 
as equivalent to those of the weaker deposits. The observation that the 
insitu vane shear measurements did not reveal any significant increases 
after about 100 days was used in conjunction with settlement data 
to assist in the determination of the consolidation period. The period 
set for the consolidation period was 2 7 5  days: the settlement data 
having the major impact on its determination.
An alternative approximate approach is given by Taylor and Ooi (1971) 
which enables an assessment to be made of the increase in bearing 
capacity due to consolidation. Such an assessment would of course 
be useful at the design stage. The method is based on a 0 = 0 
circular slip analysis, which in the instance of this study has been 
shown to give a reasonable value for the factor of safety. It evaluates 
the ultimate bearing capacity of a normally consolidated soil after 
complete consolidation beneath an applied load. The ultimate bearing 
capacity obtained in this manner is compared with the immediate 
value for the soil to determine an allowable increase in bearing 
capacity. A calculation was made using the design charts given in the 
reference and the parameters applicable to Sections 3 and 4» The initial 
load factor was taken as 1, where the load factor is defined as the 
factor by which the loading intensity can be increased before failure 
occurs. A value for the ratio of ultimate bearing capacity after 
consolidation to applied bearing pressure, of 1.2 was obtained which 
in this case indicates a 20% increase in bearing capacity after 
consolidation. It would therefore appear that this method, igives a 
reasonable first approximation of the increase in bearing capacity.
1 0 .4 . CONSOLIDATION OF THE VARIOUS STRATA.
A major finding of the trial has been the length of time 
necessary for the consolidation of the strata to take place. The 
settlement records were unfortunately incomplete but at the end of 
two and a quarter years there was little evidence to indicate that the 
consolidation process was in anyway complete. It was evident from the 
dissipation curves of excess pore water pressures given in Chapter 5 
that primary consolidation would certainly continue for some time.
Based on a triangular distribution of excess pore water pressure 
it was shown that T^q, i.e. 9 0% consolidation, could occur some 
four years after construction (Table 7*4.)• It was established that 
the determination of the rate of consolidation from parameters 
derived in the laboratory, or even from insitu testing, resulted 
in a considerable underestimate of the value indicated by the 
measurements obtained. The use of the pore water pressure dissipation 
however gave results which appeared to agree with the long term data 
obtained. It should be appreciated that the settlement data«3n£ 
incomplete due to the necessity of removing the embankment during the 
main works.
It v/as also found that the magnitude of predicted settlement 
was of the same order as was indicated by the measured data. Therefore 
the use of carefully measured laboratory parameters does enable a 
reasonable prediction for the magnitude of settlement to be made.
Immediate or elastic settlement could be predicted from Janbu et al
(1956) using a value of Young's Modulus obtained from carefully
controlled laboratory testing. Mean values of C enabled a reasonablec
assessment of primary settlement to be made. The value of Csec - ,
obtained from oedometer testing appeared to give an acceptable 
measure of secondary settlement. The superposition of these three 
types of settlement gave, as far as could be assessed from the 
measurements obtained, values that were within acceptable 
limits of the anticipated total settlements.
10.5* RATE OF CHANGE IN P m fiA B IL IT Y .
It was not possible to establish a rate of change in permeability 
during the consolidation period due to the overall variability of the 
measured values. It was possible however to establish that a trend 
of reduction with time existed, as could be anticipated.
A feature of the deposits at King's Lynn was the rootlet 
structure: it was anticipated that these could rapidly collapse 
under loading and thereby effect the consolidation process. One method 
of establishing this collapse would be by a marked decrease in 
measured permeability soon after completion of the embankment.
The insitu permeability data showed an approximate decrease in value 
of 50% soon after filling was completed. Whilst the magnitude of 
this change could be considered as within the experimental error 
of the test method, sufficient evidence was obtained to establish 
a trend for such a reduction. It can therefore be reasonably 
concluded that some collapse of the rootlet structure took place.
10.6. LATERAL MOVEMENT OF HOSE OF RANK
The original site investigation report showed that considerable 
movements of the embankment noses could be expected during consolidation. 
As this movement could have a significant effect on the programme for 
the construction of the bridges, particularly where bank seat 
abutments were used, careful measurements were taken. It was found 
that the movements in the event were considerably less than anticipated, 
a maximum movement Of only 75mni was detected.
™.Y. ZONE OF INFLUENCE OF LOADED AREA
The movements of the heave and thrust gauges were very small 
and in engineering terms, of negligible proportions. A maximum 
rise in ground level of no more than 100mm was observed 
and the overall zone width of detectable movements was no greater 
than approximately one and a half times the fill height measured 
from the toe of the batter of the embankment. It was not possible 
to quantify the above statements in more detail due to the methods 
of measurement and the adverse conditions under which these were made. 
It was considered however that the level measurements were within the 
limits of normal surveying inaccuracies but that the other measurments 
determined by land survey methods were suspect. The confined nature of 
the site and the configuration of the trial also had an effect on 
the accuracy. The maximum distance noted from the toe .of the batter 
that showed the presence of any influence from the embankment was the 
toe of the heaved mass after failure occurred.
1 0 .8 .  MONITORING TliE FINAL WORKS.
10.8.1 Methods of Monitoring or) by of
The trial has revealed the fact that embankments/in excess of 
approximately 4 metres in height, excluding any settlement which 
might occur during construction, are potentially unstable. The 
consequence is that for embankments to be successfully constructed 
in excess of the 4m height, careful monitoring becomes a necessity^ 
particularly in considering the extrapolation of the trial data to 
greater thicknesses of the alluvial deposits. Monitoring is also 
needed because the two stage constructional technique was not examined 
during the trial. There is therefore a requirement for data to be 
obtained on the behaviour of the deposits whilst two stage construction 
is taking place to enable any remedial works to be planned and 
executed should these become necessary.
In view of the above requirements it was decided that the 
observational method, attributable to Terzag'hi and described by Peck (1969) 
in the Ninth Rankine Lecture, would be the basic philosophy of any- 
monitoring system utilised, Lacroix (1966) also discusses this 
approach to instrumentation. A fundamental and beneficial 
characteristic of the method is the ability to detect abnormalities 
in the behaviour of the deposits prior to failure and with sufficient 
time for corrective measures to be carried out.
The monitoring can be considered to be required in three 
distinct phases;
a) during construction,
b) during consolidation,
and c) long term data collection.
Considering first the constructional phase, the biggest problem 
is the possibility of instability, and the first objective of any 
instrumentation should therefore be the detection of the onset of 
its occurrence. The trial demonstrated that the piezometer was not 
the correct instrument to use for this purpose, Chapter 5» and the 
sensitivity of strain measurements to incipient instability was 
discussed in Chapter 6* The conclusions given in these two 
chapters are summarised below.
During filling of the trial embankment, the measured pore water 
pressures.were closely observed and data for selected piezometers were
plotted as filling proceeded. No rapid rise in pore water pressure 
was detected as failure approached, nor was this indicated on subsequent 
examination of the data obtained from all piezometers. Attempts to prepare 
stability charts based on a slip circle effective stress analysis using 
predicted pore water pressures as proposed by feargason and Symons (1969)» 
has been shown to be impracticable in this instance due to errors in 
the prediction of pore water pressures. A similar method is given by 
Cook and Ingold (1975) in which predicted average values of the pore 
water pressure ratio are used in a circular slip analysis. It is 
apparent from the stability analyses carried out, Chapter 8, that 
at failure a lower apparent factor of safety is obtained from the use 
of predicted pore water pressures than with measured values, when 
the average value of the predicted pore water pressure ratio was 
0.4. It would therefore appear in this instance that the Cook 
and Ingold method cannot be applied with confidence, as actual 
failure occurred with a lower measured pore water pressure ratio than 
would be indicated by predicted pore water pressures. The inability of 
these methods to monitor adequately the construction may be due to the 
nature of the pore water pressure distribution; as suggested in 
Chapter 9 the distribution is typical of a partially saturated 
soil. These methods could perhaps still be applicable if the charts 
produced were continually updated using measured data and its subsequent 
extrapolation. A highway embankment however by virtue of its size, 
can be constructed at a rapid rate particularly when compared with 
an embankment dam. At King's Lynn1 it is necessary to encourage the 
Contractor to construct the embankment as rapidly as possible within 
the limits of stability and therefore there will not be sufficient time 
available for the recalculation to allow the Resident Engineer to have 
a reliable control method.
These problems led to the rejection of stress measurement as the 
primary control technique and strain methods were then investigated. 
Movements of surface pegs at the toes of the trial were examined but 
it was found that greater displacements under the same load conditions 
were being indicated by the inclinometer tubes at about Jm below 
ground level. Thus the inclinometer method, outlined in Chapter 6, 
was adopted as being the most sensitive control tool available 
to the Resident Engineer. Confidence was increased in the use of 
this method as on several occasions during the construction of 
the main embankment the Ad/H versus time plot had shown an upward 
deviation from the initial straight line i.e. instability was indicated.
Piezometers, which in the knowledge of the failure mechanism had been 
placed within the probable slip zone, indicated abnormal rises in pore 
water pressures, which in turn demonstrated compatibility between 
stress and strain measurements• It must be emphasised that it is 
considered that this method is only applicable to similar types of 
alluvial deposits, i.e. basically very soft and highly compressible 
unless data can be obtained from a failure condition to support its 
use. This point is also emphasised by Vaughan (1972 a and b). It was 
therefore decided that inclinometer tubes should be used as the primary 
means of detecting instability but that piezometers should be installed 
in the probable slip zones determined from the trial failure. Settlement 
gauges, which could also be used to measure the lateral spread of the 
embankment, were utilised in support of the inclinometers should a tube 
.be irreparably damaged.
The next phase of monitoring is the consolidation period during 
which it is valuable to obtain an indication of the degree of 
consolidation. This can be achieved by measuring the dissipation 
of excess pore water pressure using piezometers and also by the use of 
extrapolated settlement data using the methods developed in Chapter 7»
The increase in shear strength is also being checked by some insitu 
vane shear tests.
The third and last phase is the long term monitoring, during 
which data from all surviving instruments can be collected over 
a number of years for further research purposes.
10.8.2. Instrumentation
It is not the intention to describe in detail the types and location 
of instruments used for the final works, since this has been described 
elsewhere, Wilkes (1973)* However for completeness a resume of the 
monitoring installation is given.
As mentioned in the previous sub-section the inclinometer Y/as 
selected as the primary means of detecting instability,.Therefore 
inclinometer tubes were installed at the toes of the batters of the 
final embankment and in some instances through the berms at the toe 
of the batter of the second stage filling. The inclinometer tubes were 
a different pattern from those used in the trial because the plastic 
tubes were unobtainable due to manufacturing problems and tubes 
manufactured from aluminium alloy were used.
on the trial data: some were set within the anticipated zone of any 
failure and the remainder positioned to enable the dissipation of excess 
pore water pressure to be monitored. Standpipe piezometers installed 
well clear of the influence of the final works were again used to allow 
detection of any seasonal variations in the natural piezometric levels 
within the three basic layers.
Settlement gauges of two types were used for the monitoring 
installation. Incremental settlement gauges as used for the trial 
but with an expanding plate in place of the lower cemented ring, 
were installed on the centre lines of the embankments. As the 
hydraulic settlement gauges proved unreliable, a new type of gauge 
was used. A plastic access tube was laid across the width of the 
base of the embankment, over which metal plates were placed at 
intervals. The settlement of the tube could be obtained by measuring 
changes in pressure in a liquid filled bladder. Spread of the 
embankment could also be obtained by means of a detector for the 
metal plates and the measurement of their positions relative to a 
datum point.
The typical layout of the monitoring installation is shown in 
figure 10.1.
10 .9 .  OTHER FEATURES OF THE TRIAL.
A significant feature of the trial was the magnitude of the observed 
lateral sub-surface movements indicated by the inclinometer tubes. It 
is evident from the data that this movement is increasing with time. 
Whilst of little consequence apart from the settlement aspect for 
normal earthwork construction, (Engineering Intelligence, 1970) this 
movement could be of considerable importance when piled foundations 
are being considered (Heyman and Boersma, 1961, and Heyman, 1965)*
The magnitude of the recorded movements drew attention to the need 
for special protective measures for an existing refrigerated warehouse 
with piled foundations adjacent to the embankment and also for certain 
bridge foundations. The solutions to the design problems were as follows:
i) A sheet pile cut-off wall alongside the cold store to
isolate it from the lateral movements. The design of this wall 
allowed for its effect on the stability of the adjacent 
section of the embankment. Inclinometer tubes installed 
between this wall and the piled foundations have revealed very 
small movements which have been attributed to movements of 
anchor blocks beneath the embankment and redistribution 
of stresses after the embankment loading was applied.
ii) Bank seats without piles have been used wherever possible.
iii) Where a piled solution is necessary for a particular
bridge structure, then the piles are driven in oversize 
prebored holes with the void between pile and prebored 
hole filled with bentonite slurry.
It is worthy of note that the lateral movements measured during 
the main works are of the same order as for the trial in the 
vicinity of the trial site. At other critical sites around the River 
Great Ouse the movements recorded are less than were anticipated.
10.10 SOME IMPACTS OF THE TRIAL ON DESIGN OF THE MAUI, WORKS
The results >of the trial have enabled special attention to be 
paid to the solution of design problems in critical areas.
The major influence was the elimination of sand drains as a 
solution to the consolidation problems. In this feature alone the 
costs of the trial were recouped. The settlement measurements and 
predictions based on trial data have allowed decisions to be made 
on the design and method of construction of the various bridges, 
these decisions also take into account the lateral movements.
The design of the earthworks assumed a 25$ increase in 
shear strength based on the insitu vane shear strength data. The 
monitoring of the works and the interpretation of the data also used 
the trial results as a prototype.
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At the time of preparation of this thesis, two years after the 
commencement of the bypass works, the majority of the earthworks for 
the actual bypass has been completed, although some second stage filling 
and removal of surcharge remain to be carried out. It is therefore 
possible to examine the results of the trial, comparing these with 
the behaviour of the main works and thereby obtain an indication 
of the shortcomings of the trial.
One inadequacy of the trial has already been mentioned, namely 
the need to remove the trial embankment to enable the bridgeworks to 
proceed. This problem was unfortunately a result of site selection 
in a rather difficult situation and little could have been done to 
have avoided- it.
A major disadvantage of the trial was its size in relation to the 
final works i.e. the scale factor. This factor has given rise 
to a numberof areas of uncertainty, the most significant of these 
being perhaps the settlement behaviour of the deposits under the final 
loadings. The incremental settlement gauges installed as part of the 
monitoring installation of the final works have revealed that considerable 
settlement occurs in the weathered and possibly also the unweathered 
Kimmeridge clay. In contrast to this feature the settlement in the 
Kimmeridge clay, as measured beneath the trial embankment was minimal.
The differences in behaviour between the trial and the full scale 
works is solely due to the considerable differences in width between 
the two embankments.
The rate of consolidation that has been indicated by the monitoring 
installation of the main works is much slower than that shown by 
the trial, and this difference could also be attributed to the scale 
factor. An inference from this is that the effects of horizontal 
drainage could have more significance for the trial than the full 
scale works. Little evidence has been obtained to support or refute 
such an inference. Finally the dissipation of excess pore water 
pressures has also been slower than for the trial.
An interesting feature is that the inclinometer profiles generally 
show less lateral movement than could have been anticipated from the 
trial. Whether this fact is due to scale difference and that these 
movements are occurring at a slower rate than the trial is difficult
to assess. The available data,being obtained over a shorter period of 
only 12 to 15 months for the full scale works, compared with the 30 months 
of the life of the trial embankment, are inadequate to confirm this 
point. Of course this difference could be attributable to variability 
of the deposits.
In considering the trial itself, one feature that was undesirable 
but unavoidable due to the site selected, was the 'L1 configuration 
of the embankment. This shape very probably had some effect on the 
data collected from Sections 2 and 3> where behaviour of each of the legs 
may well have influenced the other. It is likely that this influence 
was only slight but the shape also prevented accurate measurements 
to be made to the heave and thrust gauges, and these measurements 
have already been discussed earlier in this chapter.
A feature which would prpbably be difficult to overcome was the 
breakdown of so many instruments during and after failure due to the 
failure itself. It was also unfortunate that an unexpected failure 
occurred on the control section and to overcome this setback the trial 
should have been much larger in size than it actually was, although 
its size was a function of the area available on the selected site.
E
m
b
a
n
k
m
e
n
t
0- CL
Q_CL
O)
a
0 3
CDra ra
CL
O o
CL
CL a_
QQ
a .
CHAPTER 11
SUMMARY OF m J O R  CONCLUSIONS OF THE TRIAL.
It is convenient to summarise the conclusions under two broad 
headings; firstly engineering conclusions specifically related to the 
design problems and secondly those conclusions that have a wider 
application.
1 1 .1 .  ENGINEERING conclusio ns
The primary purpose of the trial was to enable data, to be 
collected which would assist in the solution of design and construction 
problems associated primarily with the King’s Lynn Southern J$ypass. These 
may be summarised as follows:
i) The sand drains proved to be ineffective.
ii) The maximum rate of loading was assessed to be 1m per day
for the first Jm of embankment height followed by 0.5m,per day 
\ -
for subsequent increases in embankment height.
iii) It was shown that the maximum safe height was of the order 
of 4»0jn from the analysis of the strain data.
iv) The ' of increase of undrained shear strength was shown 
to be of the order of 25% for design purposes, based on the 
insitu vane shear strengths obtained.
v) No definite conclusion was arrived at in relation to the rate 
of consolidation, but it was shown that it was likely to take 
some four years for complete excess pore water pressure 
dissipation to occur.
vi) Settlement was shown to be of considerable magnitude. Unfortunately 
due to removal of the embankment before settlement was 
completed, it was not possible to quantify the total amount 
of settlement, although it was anticipated to be of the order 
of 1 to 1.5m after 20 to 50 years for a 4*5m approximate 
height of embankment.
vil) Lateral movements of the nose, or ends, of . the embankment on these 
deposits due to consolidation, was found to be of little 
consequence.
viii) The zone of influence of the loaded area was found to be 
confined within a distance of one and one half embankment 
heights from the toe of the batters. The heave measured 
within this zone was found to be of little significance.
Lateral•movements below ground level were found to be 
considerable. These movements required special measures to 
taken to reduce, or prevent, lateral forces being applied 
to the piles within piled foundations.
11.2 OTHER CONCLUSIONS
Other additional findings of this study may also be conveniently 
given under two headings, those applicable to design and those applicable 
to control of works.
1 1 . 2 . 1 .  Conclusions applicable to design.
i) Perhaps the major feature revealed by the trial is that it
is sufficient to consider the total stress condition when 
analysing the stability of embankments on such alluvial 
deposits. The use of effective stress analysis methods 
did not show any great increase in accuracy of the calculated 
factor of safety commensurate with the additional effort
required for the analytical procedure. The use of Bjerrums
factor jit was' shown to improve the accuracy of prediction.
ii) The rate of consolidation can be best assessed by monitoring 
the dissipation of excess pore water pressures. The use of 
laboratory and insitu measurements gave parameters that produced 
unreliable estimates of the consolidation period.
iii) It was shown to be impossible to predict accurately pore water 
pressures beneath a loaded area.
iv; A method of measuring KQ insitu was derived from an examination
of the data obtained from constant head insitu permeability
tests. The method relies on a number of tests carried out at
various values of constant head greater than a critical value.
Values of K obtained by this method were shown to be in 
o
agreement with values obtained from a falling head permeability 
test technique and also from direct insitu measurements using 
a load cell.
v) It was shown that laboratory derived parameters should be
carefully examined before application. In the instance of this 
trial the triaxial data was shown to be suspect but could be 
used when a p*-q' diagram was used to assess the results obtained.
. vi) A collapse of the rootlet structure within the alluvium was 
indicated, by the permeability data. The collapse was shown 
to have occurred within 40 to 50 days of completion of filling.
vii) The peat was shown to have similar characteristics to the
alluvium on examination of triaxial data. Also when stability 
is considered, it was shown that by assuming the undrained 
• shear strength of the material is the mean strength of the 
alluviums immediately above and below it, then a more 
satisfactory value for the factor of safety of the embankment 
was obtained.
viii) The deposits were considered to be lightly overconsolidated 
and also anistropic. In both cases it was not possible to 
quantify these features.
ix) A progressive failure was detected, and it was shown that
no rapid increases in pore water pressures were indicated by 
the piezometers prior to failure.
11.2.2. Conclusions related to the control of works.
Three main types of control or prediction have been considered 
in this thesis and these may be considered as:
i) stress control techniques,
) lateral control techniques,
^^iii) settlement predictions.
The relevant conclusions under each of these headings can be summarised 
as follows:
i) Stress control techniques.
The direct use of pore water pressures as a means of indicating
the approach of instability was shown to be unsatisfactory.
The prediction of pore water pressures was examined and it was found 
that there was little agreement between predicted and measured values. 
However the use of such predicted pore water pressures in effective
stress stability analyses gave a resultant factor of safety which was 
closer to the truth than when measured values were used. Even so it 
was demonstrated that the use of stability charts, based on stability 
analyses using predicted pore water pressures, could lead to a failure 
condition occurring when the monitored pore water pressures indicated 
that the embankment was within the safe zone of the chart. It was 
suggested that the recompilation of the stability charts, using 
measured parameters would not be an adequate control tool for the 
site staff due to the time period necessary for such recompilation.
It should be reiterated that these findings are for the type 
of deposits that occur at King's Lynn, and that their application 
toother soil types must not be taken as implicit in this thesis, 
unless evidence is obtained to support such an application.
ii) Lateral strain control techniques.
A method of control suitable for rapid application on site was 
developed using strain methods. The method relies on monitoring 
the movements of a point on an inclinometer tube with time, the point 
selected being at or near the position of maximum displacement of the 
tube. 33y dividing the measured displacement by the fill depth, a 
correction is made for variable filling rates and this value is plotted 
against time. The resultant plot is a straight line, and the approach 
of instability is. revealed by an upward deviation from this line.
The restriction given in (i) above is also applicable to this 
method, i.e. caution must be used in its application to other soil types 
and it would be preferable to obtain data to support Its application 
before using the method as a site control tool.
iii) Settlement predictions.
Two methods of predicting settlements utilising observed .data 
were propounded and shown to be reasonable accurate. It is considered 
that they were of sufficient accuracy to be used for predictions 
required for constructional purposes and for prediction for a period 
not exceeding five years. After this period the accuracy of the 
methods diminishes.
The methods require an exponential curve to be fitted either to 
settlement and log time data or to settlement rate, dp ,and log time data.
dt
The latter was’shown to be slightly more accurate than the former.
11.3 RELATIONSHIP BETWBEM LABORATORY AND INSITU TESTING.
A quotation from Lambe (1975) effectively summarises the -relationshi 
between laboratory and insitu testing that has become apparent during 
the evaluation of the data from this trial.
"....The laboratory will continue to be important to the practice 
of soil engineering. Tests.to identify mechanisms and tests to study 
the effects of stress, time and strain on soil behaviour and so on, 
will be influential in the years ahead.
The soil engineer should not expect that in general he might 
use laboratory tests alone to measure soil parameters for making correct 
performance predictions. Insitu tests will be used increasingly. These 
insitu test techniques (e.g. field vane, cone) have inherent advantages 
over laboratory tests. Some of these adavantages are as follows. The 
engineer is able to obtain a measure .Of parameters almost continuously 
with depth and thereby better determine the actual field situation.
By obtaining so much soil data, especially as a function of location 
in the subsoil, the engineer has better possibilities of using 
probability and decision theory. Insitu tests may be less affected by, 
soil disturbance than are laboratory tests. Insitu tests may require 
less time and money than laboratory tests.
There will probably be more use made of test programmes involving 
both laboratory and insitu tests."
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APPENDIX I
RESPONSE TIME OF PIEZOMETRIC SYSTEM
Calculations for the response time, or time lag, were made using both 
Gibs on1 s (1963) and Hvoslev’s (19^1) methods. Gibson (1963) has shown that 
the equalization ratio 6 at any time t for a compressible soil is
2, ie = h_, - h. = r _ _ L _  %  exp *T) erfc (7 .T2)
i^ ynr +?2
CO O  u
- flz exp 0?22T) erfe CJ2 T2)1 ............ .. AI.1
where )f h^ is the equilibrium pore water pressurew
V^ hj. is the measured pore water pressure at time t
YwhQ is the measured pore water pressure at time 0
is the density of water 
■[* (Jl2
3
-£2_ = UKr av (Note: Gibson uses the symbol j* for this 
* ^  ^  parameter).
w
r is the equivalent radius of piezometer tip
V.  is the volume change in the measuring system
and T is the time factor = c tv
2r
As equalization occurs h, —► Y h-, , i.e., 6 = 0, thus the time takenw u  w w  * . 7
for the piezometric system to respond to changes in pore pressure is obtained 
from equation AI.1 when 6 = 0.
Gibson has further shown that far the case when the soil skeleton 
becomes incompressible.
e - exp ( » liirr Kt)   .....AI.2
...**■
Equation AI.2 being identical to Hvorslev^ (1951) solution for time
lag.
Hvorslev gives a table of intake factors F for various types of 
piezometer.
For a sphere of radius r, F = 1*TT r .......... . AI.3
For a cylindrical element of diameter d and length 1
F = 2 TV 1.........  ........ .. ..AI.lt
= ■  t 1 / , ,  *  A' *  4 ) 1 }
Combining equations AI.3 and AI.lt gives the equivalent sphere radius 
for a cylindrical element as:-
r = 1   AI.5
2 =" l1/* V t  * <J>1
In this case the piezometer tips are pushed into the ground, without 
a sand filter, thus 1 and d are the dimensions of the porous ceramic, i.e., 
125mm long and 37mm diameter* Thus on substitution in equation AI.5 we get:-
r = 32.39mm
The volume change A in the system consists of two factors, the volume
change in the connecting leads and the volume change in the manometers. The
former was assessed using work carried out by Penman (1951 ). The tubing used
consisted of nylon 11 tubing with a bore of 2.8mm and wall thickness of 1mm.
This was contained within a 1mm outer sheath of polythene. Penman measured
the volume change for both polythene tubing and nylon 66 tubing of identical
dimensions to the nylon 11. Similar measurements are not available for nylon
11 but it is understood that nylon 11 is superior, in this respect, to nylon
66. As the volume of change of polythene is greater than that' of the nylon
66 tested by Penman, use will be made of Penman fs results for nylon 66.
Taking a pressure increase of 10m head of water, the volume change 
-10 3from Penman is ^0 x 10 m /m. The maximum and minimum length of leads used
were of the order of 75m and ii5m respectively. Thus for a unit pressure
2
increase of 1 N/m the volume changes will be:-
Maximum 75 x 0.005 x 10~1Q m ”Yn = 37 .5 x 10"3 m ^/N 
10 x 9.82 x 103 
and Minimum = 22.5 x 10” - 3 m /^N.
The volume change in the manometer due to water entering or leaving
the system due to unit pressure change is:- '
1/2 x 2.82 x Tf x 1 m ^/N
10^ * 12.6 x 9.82 x 103
= 25 x 10"12 m ^/N
NOTE: The bore of the tubing has been taken as 2.8mm and as there
is water on both sides of the mercury the effective density of 
mercury is 12.6 kg/m . The volume of change in an *11* tube 
manometer being half that of a single tube to indicate the same 
pressure change.
Thus total volume change, v, per lead and manometer is given by:- 
28.75 x 10“12>  v >  27.25 x 10"12
—12 5Talcing a mean value v = 28 x 10” m /N,now as each piezometer has 
two leads
A = 2v = 56 x 10’ 12 m 'Yn
Substituting the above values for r, A  and appropriate values of 
av and c from Chapter U, we get values of SL and T given in Table AI below.
Load increment 9,000 Kg 11,000 Kg 13,000 Kg 15,000 Kg
Soil Type JT2- -5T x 10 p SL -5T x 10 SL T x 10” 5 SL -5T x 10 p
Silty Clay 
Peat
-ct 
c- 
m 
voCM
1.7t 
11.2t
31
233
1 »kt 
11 *2t
29
225
1 .lit 
11.2t
28
208
l.lit 
11 ,2t
TABLE AI.1
Using the curve of JX and T given by Gibson (1963) it is now pospible 
to evaluate the response time, values of which are given in Table AI.2, for 
various equalisation ratios.
Taking Hvorslev*s (1951) expression for time lag in the form of 
equation AI.2
6 = exp (- UlT r kt‘)
-9Again substituting the appropriate values and taking k = 2 x 10
— 8m/sec. for the alluvium and 2 x 10 ir/sec. for the peat gives
UTTr kt =. k x 32.39 x 2 x 10~9 x t x 10"11 
**w 56 x 10” 12 x 9.82 x 103
= U X  32.39 x 10”  ^x 2 x 10~^ t 
56 x 10” 12 x 9.82 x IO3 
-3
= 1.1; 8 x 10 t for the alluvium
_ 2and 1.1; 8 x 10 t for the peat 
for £ = *\%9 2% and 5%> i.e.
equalisation times of 99%9 9$% and 95%
exP = li»605, 3.912 and 2.996 respectively from which
w
values of t may be calculated. These are given in Table AI.2 below
Equalisation Time to achieve equalisation ratio
Ratio GIBSON HVORSLEV
% Alluvium Peat Alluvium Peat
5 38 mins. 2 mins. 3k mins. 3 mins.
2 123 mins. 9 mins. hb mins. h mins.
1 161; mins. 13 mins. 52 mins. 5 mins.
TABLE AI.2
For higher degrees of equalisation than 5$, greater volume changes 
occur which will give greater equalisation times, a factor which is taken 
into account in the Gibson solution but not Hvorslev.
APPENDIX I I
LIST OF SYMBOLS.
a Dimension.
a Constant.
a Intercept of Kf line.
a Radius of spherical piezometer.
av Coefficient of compressibility.
A Pore pressure parameter.
Af Pore pressure parameter at failure.
b Dimension.
b Constant.
b Bnbankment or footing width.
B Pore pressure parameter.
B Pore pressure parameter.
c Cohesion.
c Constant.
ch Coefficient of consolidation in the horizontal plane
cu Undrained shear strength.
Cuh Undrained shear strength in the horizontal plane.
cuv Undrained shear strength in the vertical plane.
° V Coefficient of consolidation.
c • Cohesion intercept in terms of effective stress.
°c Compression index.
c s Coefficient of reconsolidation.
Csec Coefficient of secondary consolidation.
d Diameter of piezometer.
D Diameter of insitu vane blades.
D Depth of footing.
e Void ratio.
eo Initial void ratio.
E Young’s modulus.
fo Correction factor to factor of safety.
P Factor of safety. "
F Intake factor of a piezometer.
pi Settlement parameter.
P2 Settlement parameter.
h Excess head.
h Critical excess head,c
H Height of insitu vane blades.
H Height of embankment•
H Length of drainage path.
H Thicness of compressible layer. !
H Critical embankment height,c
Ip Plasticity index.
If> Influence coefficient.
k Coefficient of permability.
K Constant for insitu vane geometry.
K^-line Mean failure line on p*-q* diagram.
K Lateral stress ratio,
o
1 Length of piezometer element.
1 Arc length.
L Length o embankment.
L Level ofsettlement ground plate.
Lr Shearing resistance of rth slice,
m Slope of straight line,
m Stability parameter.
i
mv Coefficient of volume change,
n Length : breadth ratio of insitu vane blades,
n Stability parameter,
n Number of readings,
n. Depth factor.
2  t
not cos oc ( 1 + tanoctan0 )
P
Ng Stability factor,
p Overburden pressure,
p Total applied pressure
Pc Critical pressure.
Pq Present total overburden pressure,
p* Effective overburdeh pressure.
P o
t  J ,  - I
g * i  +  <r$
2
p^ Present effective overburden pressure.
Net pressure from a foundation.
<r\ ~ oj 
2
Plow rate.
Radius of failure cylinder of insitu vane.
Coefficient of correlation.
Equivalent radius of piezometer.
A number.
Mean pore water pressure ratio.
Lateral excess pore water pressure factor.
Radius of slip circle.
Shear strength.
TIndrained shear strength.
Anisotropy.
Time.
Time at which stable flow occurs.
Zero time.
Time factor.
Torque required to shear soil by insitu vane with its axis horizontal.
Tangential force developed at the rth slice.
Torque required to shear soil.
Torque required to shear soil by insitu vane with its axis vertical.
Excess pore water pressure.
Degree of consolidation.
Volume change in piezometer leads.
Volume of crack.
Volume of water flowing in time t^ , beneath the straight line 
on the Q : 1/ t plot.
Total volume of water flowing in time t^ .
Moisture content.
Liquid limit.
Plastic limit.
Total weight of slice.
Weight of embankment component of slice.
Depth below ground level.
Layer thickness.
c* Inclination angle of force,
<x Slope of K^-line.
p Angle of batter slope*
y Density.
Yu Unit weight.
Density of water.
Y Unit weight of water,uw
p Ordinate of critical state line.
S Slice width.
A  Change or increment e.g.
A d  Horizontal displacement of inclinometer tube.
A u  Constant pressure above or below the ambient pressure in the soil.
§ Error in insitu vane strength measured vertically due to
anisotropy.
£ Equalisation.ratio.
[ 4 a ±  (-0 -2 -  4 - » ) * ]
X Volume change in measuring system.
yU Correction to vane strengths for anisotropy.
A) &A| Settlement coefficients.
^ Poisson.*s ratio.
Settlement.
Average immediate settlement.
Immediate settlement.
Maximum immedi te settlement.
Total major principal stress.
^  Effective major principal stress.
3 Total minor principal stress.
2 Effective minor principal stress.
Or* Initial effective horizontal stress.
h i
0^? Initial effective vertical stress.
O' Shear stress.
0 Angle of internal friction.
0* Friction angle based on effective stress.
JO. 4 u A v
f
/*a
f t
f m i
A Y w
